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Abstract 

We reanalyze the decay constants of s-wave and p-wave mesons and D,B — > M form factors, 
where M represents a pseudoscalar meson, a vector meson, a scalar meson, or an axial vector 
meson within a covariant light-front quark model. The parameter /? for wave-functions of most 
of s-wave mesons and of a few axial-vector mesons are fixed with latest experimental information, 
wherever available or using the lattice calculations. The treatment of masses and mixing angles for 
strange axial vector mesons is improved for the purpose. We extend our analysis to determine the 
form factors appearing in the transition of Ds,Bs — s- M transitions, and to the isoscalar final state 
mesons. Numerical results of the form factors for transitions between a heavy pseudoscalar meson 
and an s-wave or p-wave light meson and their momentum dependence are presented in detail. 
Further, their sensitivity to uncertainties of /3 parameters of the initial as well as the final mesons 
is investigated. Some experimental measurements of the charmed and bottom meson decays are 
employed to compare the decay constants and transition form factors obtained in this and other 
works. 
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I. INTRODUCTION 



In the previous work various P ^ M form factors, where P represents a heavy pseudoscalar 
meson {D or B), and M represents either s-wave or low-lying p-wave meson, were calculated 
within the framework of the covariant light-front (CLF) approach. This formalism preserves the 
Lorentz covariance in the light-front framework and has been applied successfully to describe various 
properties of pseudoscalar and vector mesons 0-0] • The analysis of the covariant light-front quark 
model to transitions of the charmed and bottom mesons was extended to even parity, p-wave mesons 
a. Recently, the CLF approach has also been used to the studies of the quarkonia g . the p-wave 
meson emitting decays of the bottom mesons 01 and the Be system and so on. In the present 
work, we update our results for D and B meson form factors, and extend this analysis to determine 
the form factors appearing in the Dg^Bg — ?• M transitions, and to the flavor-diagonal final state 
mesons M. Experimental measurements of the decays of the r lepton, pseudoscalar and vector 
mesons are employed to determine the decay constants, which in turn fix the shape parameters, 
/3, of the respective mesons. For a few cases, the decay constants estimated by lattice calculations 
have been used for this purpose. We have now used the improved estimation of the Kia and Kib 
mixing angle, where Kia and Kib are the ^Pi and ^Pi states of Ki, respectively, which are related 
to the physical 7^1(1270) and 7^1(1400) states. 

We then study transitions of the heavy flavor pseudoscalar mesons to pseudoscalar mesons (P), 
vector mesons iy), scalar mesons (5) and axial vector mesons {A) within the CLF model. Numerical 
results of the form factors for these transitions and their momentum dependence are presented in 
detail. In particular, all the form factors for heavy-to-light and heavy-to-heavy transitions for 
charmed mesons {D,Ds) and bottom mesons {B,Bs) are calculated. Further, their sensitivity to 
uncertainties of f3 parameters of the initial as well as of the final mesons is investigated separately. 
Theoretically, the Isgur-Scora-Grinstein-Wise (ISGW) quark model [o, 10] has been the only model 
for a long time that could provide a systematical estimate of the transition of a ground-state s- 
wave meson to a low-lying p-wave meson. However, this model is based on the nonrelativistic 
constituent quark picture. We have earlier pointed out ^ that relativistic effects could manifest in 
heavy-to-light transitions at maximum recoil where the final-state meson can be highly relativistic. 
For example, the B ^ ai form factor Vq^"^(0) is found to be 0.13 in the relativistic light-front 
model [it, while it is as big as 1.01 in the ISGW model 0]. Hence there is no reason to expect 
that the nonrelativistic quark model is still applicable there, though in the improved version of the 
model (ISGW2) [11[ a number of improvements, such as the constraints imposed by heavy quark 
symmetry and hyperfine distortions of wave functions have been incorporated. We believe that the 
CLF quark model can provide useful and reliable information on P — )■ M transitions particularly 
at maximum recoil. 

The paper is organized as follows. The basic features of the covariant light-front (CLF) model 
are recapitulated in Sec. II. In Sec. Ill, decay constants are presented in the CLF model. Available 
experimental measurements for various decays are used to determine decay constants, which in 
turn are used to fix f3 parameters of the CLF model. Sometimes, lattice predictions for few decay 
constants are also used for this purpose. In Sec. IV, the analysis of form factors appearing for 
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FIG. 1: Feynman diagrams for (a) meson decay and (b) meson transition amplitudes, where 

is the incoming (outgoing) meson momentum, p^"^ is the quark momentum, p2 is the anti-quark 

momentum and X denotes the corresponding V — A current vertex. 

transitions from pseudoscalar mesons to s-wave mesons (pseudoscalar or vector) and p-wave mesons 
(scalar and axial vector) is given. In Sec. V, numerical results are presented for these form factors 
and their - dependence taking proper inclusions of uncertainties in the shape parameter, /?. 
Summary and conclusions are given in Sec. VI. 

II. FORMALISM OF A COVARIANT LIGHT-FRONT MODEL 

In the conventional light-front framework, the constituent quarks of the meson are required to 
be on their mass shells and various physical quantities are extracted from the plus component of the 
corresponding current matrix elements. However, this procedure will miss the zero-mode effects and 
render the matrix elements non-covariant. Jaus QjSl has proposed a covariant light-front approach 
that permits a systematical way of dealing with the zero mode contributions. Physical quantities 
such as the decay constants and form factors can be calculated in terms of Feynman momentum 
loop integrals which are manifestly covariant. This of course means that the constituent quarks 
of the bound state are off-shell. In principle, this covariant approach will be useful if the vertex 
functions can be determined by solving the QCD bound state equation. In practice, we would 
have to be contended with the phenomenological vertex functions such as those employed in the 
conventional light-front model. Therefore, using the light-front decomposition of the Feynman loop 
momentum, say p^, and integrating out the minus component of the loop momentum one goes 
from the covariant calculation to the light-front one. Moreover, the antiquark is forced to be on its 
mass shell after p~ integration. Consequently, one can replace the covariant vertex functions by 
the phenomenological light-front ones. 

To begin with, we consider decay and transition amplitudes given by one-loop diagrams as shown 
in Fig. [1] for the decay constants and form factors of ground-state s-wave mesons and low-lying p- 
wave mesons. We follow the approach of 0] and use the same notation. The incoming (outgoing) 
meson has the momentum = p^"'^ + p2 , where p'l"^ and p2 are the momenta of the off-shell 
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quark and antiquark, respectively, with masses m'^"^ and m2. These momenta can be expressed in 
terms of the internal variables {xi,p'j), 

Pl,2 = ^1,2P'^, Pl,2± = Xl,2P± ± P'±, (2.1) 

with XI + X2 = 1. Note that we use P' = {P'+ , P'~ , P'j_) , where P'^ = ± P'^, so that P'^ = 
P'+P'- -P'^. 

In the covariant light- front approach, total four momentum is conserved at each vertex where 
quarks and antiquarks are off-shell. These differ from the conventional light-front approach (see, 
for example 0, E3]) where the plus and transverse components of momentum are conserved, and 
quarks as well as antiquarks are on-shell. 

It is useful to define some internal quantities for on-shell quarks: 



Ml? 



Xi X2 * 



- V"^^ +P^+Pz, p.- 2 2x2M^ • ^^■^> 



Here Mq can be interpreted as the kinetic invariant mass squared of the incoming qq system, and 
Ci the energy of the quark i. 

It has been shown in jl3l | that one can pass to the light-front approach by integrating out the 
p~ component of the internal momentum in covariant Feynman momentum loop integrals. We 
need Feynman rules for the meson-quark-antiquark vertices to calculate the amplitudes shown in 
Fig. 1. These Feynman rules for vertices (^F^^) of ground-state s-wave mesons and low- lying p- 
wave mesons are summarized in Table HI Next, we shall find the decay constants in the covariant 
light-front approach. 



TABLE I: Feynman rules for the vertices (^F^^) of the incoming mesons-quark-antiquark, where 
p'l and p2 are the quark and antiquark momenta, respectively. Under the contour integrals to be 
discussed below, H'j^j and Wj^j are reduced to h'j^ and w'j^j, respectively, whose expressions are 
given by Eq. ()3.10|) . Note that for outgoing mesons, we shall use i(7oF'2f7o) for the corresponding 
vertices. 



M(2^+iLj) 




pseudoscalar (^^o) 
vector i^Si) 
scalar (^Pq) 
axial (3Pi) 

axial (iPi) 


-iH's 

-iH^^bi^ + wrip'i -P2)^l]15 

-^^i'aIw^W -P2)m]75 

14 
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III. DECAY CONSTANTS 



The decay constants for J = 0, 1 mesons are defined by the matrix elements 



(3.1) 



where the = ^^o, ^Pq, ^S*!, ^Pi and ^Pi states of q'iq2 mesons are denoted by P, 5, V, 

'^A and ^A, respectively. It is useful to note that in the SU(N)-flavor limit {m'l = 771-2) we should 
have vanishing fs and /i^. The former can be seen by applying equations of motion to the matrix 
element of the scalar resonance in Eq. ()3.ip to obtain 



^sfs = K^'i - m2){0\qiq2\S). 



(3.2) 



The latter is based on the argument that the light ^Pi and ^Pi states transfer under charge conju- 
gation as 



M^(3Pi) ^ Mb"(^P] 



M'XPi) 



A), 



1,2,3), 



(3.3) 



where the light axial-vector mesons are represented by a 3 x 3 matrix. Since the weak axial- 
vector current transfers as (A^^)^ — t- (A^j^)'^ under charge conjugation, it is clear that the decay 
constant of the ^Pi meson vanishes in the SU(3) limit 1J|. This argument can be generalized to 



heavy axial-vector mesons. In fact, under similar charge conjugation argument [(V^)^ 



M^(^Po) — ;> M^(^Po)] one can also prove the vanishing of fs in the SU(N) limit. 

Furthermore, in the heavy quark limit (m^ — )• 00), the heavy quark spin sq decouples from the 
other degrees of freedom so that sq and the total angular momentum of the light antiquark j are 
separately good quantum numbers. Hence, it is more convenient to use the = P2^^ Pl'\ Pl'^ 
and Pq^'^ basis. It is obvious that the first and the last of these states are ^Pj and '^Pq, respectively, 
while 



p 



,3/2 



'Pi) + 



'Pi 



p 



1/2 



1 



'p 



'Pi 



(3.4) 



Heavy quark symmetry (HQS) requires 

fv = fp, /ai/2 = fs, fA^/2 = 0> (3-5) 

where we have denoted the P^^^ and P^^"^ states by A^^"^ and A^^"^, respectively. These relations in 
the above equation can be understood from the fact that (5*^^, 5^^), (Pq^^^, Pj^''^) and (P^^^^, P2 ^^) 
form three doublets in the HQ limit and that the tensor meson cannot be induced from the V — A 
current. 

Following the procedure described in Q, Q], we now evaluate meson decay constants through the 
following formulas: 



4(m'ia;2 + m2Xi), 



(3.6) 



5 



fv 



Nr 



fs 



167r3 



dx2d'^p'± 



h' 



III \ /2 I 



A{miX2 — m2Xi] 



(3.7) 
(3.8) 



where 



N, 



dx2d'^p'j_ 



h' 



Nr. 



Att^M' 



rElX2(M'2 - M^2) 



xiMq — m]^(m]^ + 7712) — 



,2 mi -7712 ,2 

} P± 



dx2d'^p'j_ 



h' 



XiX2{M'^ - Af^2) 1 y^/ 



7TT.1 - 7712 /2 



(3.9) 



h'p = h'u 



(M'2 - Mq^] 



X1X2 1 



9? 



^2 



X1X2 



Nc ^/2M'2V^M'q 



X1X2 1 



w'v 



Nc V2M^ 
/ / / ^0 

Mq + 777i + 7772, Wsj^ " 



777i 



^1 - 7772 

are the appropriate replacements of the vertex functions, 

W'm ^ W'm = W',j{p'IpI)^w'm, 



(3.10) 



(3.11) 



appearing in the matrix elements of annihilation of a meson state via weak currents, and and ip^ 
are the light-front momentum distribution amplitudes for s-wave and p-wave mesons, respectively. 
There are several popular phenomenological light-front wave functions that have been employed 
to describe various hadronic structures in the literature. In the present work, we shall use the 
Gaussian-type wave function |17l | 



V9'(x2,p1) = 4(^'' 



Id^ 

dX2 



exp 



P'z+P'l 



2/3' 



12 



V9p = 'f'p{x2,Pl_) 




,2 



e'ie2 



M = . 

dx2 X1X2MQ 



(3.12) 



The parameter (3', which describes the momentum distribution, is expected to be of order Aqcd- 
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Note that with the exphcit form of h'p shown m Eq. (j3.10p , the famihar expression of fp in the 
conventional hght-front approach 



12l |. namely, 
1 



dx2d'^p'± 



Tj {m[x2 + m2Xi) ip'{x2,p'i_), 



(3.13) 



is reproduced. For decay constants of vector and axial-vector mesons, we consider the case with 
the transverse polarization given by 

f 2 



e(±) 



(3.14) 



For m\ = 1712, the meson wave function is symmetric with respect to xi and X2, and hence fs = 0, 
as it should be. Similarly, it is clear that fij^ = for m'^ = m2- The SU(N)-flavor constraints on 
fs and /i^ are thus satisfied.^ 

To perform numerical computations of decay constants and form factors, we need to specify the 
input parameters in the covariant light front model. These are the constituent quark masses and 
the shape parameter appe aring in the Gaussian- type wave function ()3.12p . For constituent quark 



masses, we use 



[il,B[i3,H[3 



mud = 0.26 GeV, 



0.45 GeV, 



rur. 



1.40 GeV, m6 = 4.64 GeV. 



(3.15) 



Shown in Tables [TI] and IIIII are the input parameter f3 and decay constants, respectively. In 
Table IIIII the decay constants in parentheses are used to determine /3 using the analytic expressions 
in the covariant light-front model as given above. For most of s-wave mesons, and a few axial 



TABLE II: The input parameter /3 (in units 
mesons. Note that Pqq is used for the {uu + 



of GeV) in the Gaussian-type wave function ()3.12p for 
dd)/^/2 state. 



25+1 



Lj 



3Pr 







'Pi 



'Pi 



f^su 



0.3077 
0.3499 
0.3479 
0.3598 



0.0009 
0.0008 
+0.0136 
0.0129 
+0.0029 
0.0029 
+0.0220 
0.0208 



n 981 c;+0.0046 
U.ZOiO_Q 0047 

0.2640;HSi 

0.2926tHS^? 
0.3083 ±0.0014 



0.2983: 



-0.0123 
-0.0129 



0.2983: 



-0.0123 
-0.0129 



0.2983tHll 



0.2983 ±0.0298 0.2983 ± 0.0298 0.2983 ± 0.0298 



0.3224: 



-0.0163 
-0.0195 



0.3224: 



-0.0163 
-0.0195 



0.3224: 



-0.0163 
-0.0195 



0.3492 ± 0.0064 0.3492 ± 0.0064 0.3492 ± 0.0064 



Pes 
Pec 



0.4656 
0.5358 
0.7690 



0.0217 

0.0212 
+0.0137 

0.0135 
+0.0049 

0.0049 



0.4255 
0.4484 
0.6492 



± 0.0426 
± 0.0448 
± 0.0069 



0.3890 ± 
0.3900 ± 
0.4200 ± 



0.0389 
0.0390 
0.0420 



0.3890 ± 
0.3900 ± 
0.4200 ± 



0.0389 
0.0390 
0.0420 



0.3890 ± 
0.3900 ± 
0.4200 ± 



0.0389 
0.0390 
0.0420 



Phu 
Pb-s 
Pb-c 
Pbb 



0.5547 
0.6103 



+0.0260 
0.0261 
+0.0330 
0.0331 



0.9582 ± 0.0958 
1.4514 ±0.0132 



0.5183 
0.5589 
0.8451 
1.3267 



±0.0518 
±0.0559 
± 0.0845 
±0.0100 



0.5000 ± 
0.5500 ± 
0.6800 ± 
0.9993 ± 



0.0500 
0.0550 
0.0680 
0.0999 



0.5000 ± 
0.5500 ± 
0.6800 ± 
0.9993 ± 



0.0500 
0.0550 
0.0680 
0.0999 



0.5000 ± 
0.5500 ± 
0.6800 ± 
0.9993 ± 



0.0500 
0.0550 
0.0680 
0.0999 



^ We wish to stress that the vector decay constant obtained in the conventional light-front model 
not coincide with the above result (j3.7p owing to the missing zero mode contribution. 
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TABLE III: Meson decay constants (in units of MeV) obtained by using Eqs. ([32]), dMl), (1321) 
and (13. 9p . Those in parentheses are taken as inputs to determine the corresponding ^'s shown in 
Table [nl Decay constants of some p-wave mesons are also used as inputs (see the text for details). 
Here fqq denotes decay constant for the {uu + dd) /^/2 state. 



25+1^^ 


'So 






'Pi 


'Pi 


fdu 


(130.41 ±0.20) 


(215 ±5) 





(-203 ± 18) 





fqq 


(139.54 ±2.62) 


(195 ± 3) 





— 193_,_3g 





fsu 


(156.1 ±0.9) 


(217 ±5) 




(-212;!) 


20.4j:};g 


fss 


(174.75 ± 7.83) 


(228 ± 2) 





(-230 T 9) 





feu 


(206.7 ±8.9) 


(245)^35 


107 ± 13 


-177;il 


59.619:8 


fcs 


(254.6 ± 5.9) 


(272)11 


74 4+10-4 
'^•*-10.6 


-i59;i 




fee 


(394.7 ±2.4) 


(411 ± 6) 





-i05;i 





fbu 


(193 ± 11) 


(196)ti? 


143 ± 21 


— 155_,_28 


83.6llt^ 


fbs 
fbc 


(231 ± 15) 


(229)1^2 
4401^1 


139 ± 22 
on fi+l'^-5 


-■-"^"^+33 


82.6l}i° 

rn 0+11.2 
^^•"-10.3 


fbb 


(708 ± 8) 


(708 ± 8) 





— 185_,_42 






vector mesons, these are fixed from the latest decay rates given in the Particle Data Group [20(], 
or other analysis based on some experimental results. For decay constants of some heavy flavor 
mesons, we have used recent lattice results to fix /3. For the remaining p-wave mesons, we use the 
/3 parameters obtained in the ISGW2 model 111], the improved version of the ISGW model, up 



to some simple scaling. In this paper, we have investigated the variation of the form factors and 
their slope parameters for dependence with the variation of /3 values. Wherever the experimental 
information is available, we have used that to fix the errors for the corresponding /3 values, otherwise 
arbitrarily introduced an uncertainty of 10% in /3 for some s-wave and p-wave mesons. 
Several remarks are in order: 

(i) Decay constants of the charged pseudoscalar mesons, 7r+, i^+, D+, 1?+, and B~ (and their 
charge-conjugate partners) can be determined from their purely leptonic decay rates. These mesons 
formed from a quark and anti-quark can decay to a charged lepton pair when their constituents 
annihilate via a virtual W boson. Now quite precise measurements are available for the branching 
fractions of P — )• ii^e decays 20| . Following the analysis of Rosner and Stone [21[ | for the available 
branching fractions, we take = 130.41 ± 0.20, fx = 156.10 ± 0.85, fn = 206.7 ± 8.9 (ah in MeV) 
to fix the (3 parameters of the respective mesons. 

(ii) For fixing /3z)^, we have taken the world average value 254.6 ± 5.9 MeV for fu^ given by 
the Heavy Flavor Averaging Group [24] based on the BaBar, Belle and CLEO measurements of 
B{Df — > ^^i^) and B{Df — t- t+z^). This value can be compared well to the results from the two 
precise lattice QCD calculations f^s = 248.0 ± 2.5 MeV and 249 ± 11 MeV, respectively, from the 
HPQCD Collaboration [23(] and the Fermilab/MILC Collaboration For the bottom sector, 
the Belle and BaBar collaborations have found evidence for B~ — t- t~v decay in e+e~ — t- B^B~^ 
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collisions at the T(45) energy, however, the errors are rather large in the measured branching 



fractions with the computed average value B{B 



T u) 



1.72 



+0.43 
-0.42 



X 10" 



Further a more 



accurate value of \Vub\ is required for the determination of fs- Considering the large uncertainties 
on and the branching fraction measurements for — >• t~v, and sensitivity of this decay to the 
new physics, we rely upon = 193 ± 11 MeV, used in [21| as the average of the two lattice results 



fs = 195 ± 11 MeV [2J] and fs = 190 ± 13 MeV [25|], to fix the input parameter /Sb- Likewise, for 



25l ] for determining (3bb- 



Eg meson, we use the lattice prediction of Jbs = 231 ± 15 MeV 

(iii) The decay constants of the diagonal pseudoscalar mesons vr'^, r/, rj' and rjc, in principle, could 
5e obtained from P — t- 77 branching fractions. In the case of vr'^, the value of f^o = 130 it 5 MeV 
26 1 has been extracted from the measured vr'' — )• 77 decay width, which is compatible with f^±, 
as is expected from isospin symmetry. However, decay constants of the f] — r]' system cannot be 
extracted from two-photon decay rates alone and get more complicated due to the rj — ij' mixing, 
the chiral anomaly and gluonium mixing 27|, [2^]. For describing the mixing between i] and rj' , it 
is more convenient to employ the flavor states (uu + dd)/^/2, and (ss) labeled by the rjq and r]s, 
respectively. We then write 



V 



rjq COS ( 

: r]q sin ( 



- rjs sm q 
+ ris cos ( 



(3.16) 



where (p = (39.3 it 1.0)° follows from the analysis of Feldmann et al. |28l ] to fit the experimental 



data. This analysis also gives fri/fir = 1-07 it 0.02 and ^^'1 ^-k = 1-34 ± 0.06, which are used 



in the present work. For ijc, the decay width is poorly known with PDG [20| estimate given 
as T{r]c — > 77) = 7.2 it 2.1 keV giving /^^ = 0.4 it 0.1 GeV. Alternatively, one may extract 
fri^ from B —7- r]cK decay using the factorization approximation, for which CLEO |29(] obtained 
frjc = 335 lb 75 MeV. In the literature, /^^ is expected to be quite close to fj/^ on the basis of quark 



30|. Recently, the HPQCD collaboration 



23( 1 has reported a more precise 



model considerations 

result for /^^ to be 394.7 it 2.4 MeV consistent with other estimates, and is in fact very close to the 
experimental result /j/^ = 410.6 it 6.2 MeV obtained from the leptonic decay width of J/ip [20l |. 
So we use the lattice prediction to fix /3.;y^. In the absence of any experimental estimate for frj^, we 
shall assume fri^ ~ /t to fix (3^^^ following the heavy-quark spin symmetry. 

(iv) For vector mesons, we extract the decay constants for diagonal states from the experimental 
values of their respective branching fractions of leptonic decays V — )• decays [20|. Thus we 



obtain fpO = 221.20 ± 0.94, = 194.60 ± 3.24, = 227.9 ± 1.5, fj/^ = 410.6 ± 6.2 and 
/x = 708.0 lb 7.8 (all in MeV) for ideal mixing, and use them to fix the f3v parameters of the 
respective mesons. 

(v) The decay constant fy determines not only the coupling of the neutral vector mesons to 
a photon, but also the coupling of charged vector mesons, like and K*^, to the weak vector 
bosons W^. There are no data available for the leptonic decay of these charged vector mesons, 
but the couplings can be extracted indirectly from the decays r — )• pvr and r — )■ K*Ur- With 
the experimental values for the branching fractions of these decays B{t — )■ pi/r) = 25.02% and 
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B{t ^ K*Vt-) = 1-28%, the decay width formula 

r(r^V.,) = ^|Vi.„|VJ^=ii^=%i^^. (3,17) 

where Vq^q^ is the appropriate CKM- factor corresponding to the vector meson V , yield fp± = 209ib4 
MeV and /x*± = 217 ± 5 MeV, respectively. It is worth noting that the difference in /^o and fp± 
seems consistent with the expected size of isospin breaking, and we take the average of the two 
values, i.e., fp = 215 it 5 MeV, the error chosen so as to satisfy the two cases in extreme limits. 

(vi) Contrary to the non-strange charmed meson case, where D* has a slightly larger decay 
constant than D, the recent measurements of — t- oi*^ D^*^ 20, 31] indicate that the decay 
constants of D* and Dg are relatively similar. As for the decay constant of B*, a recent lattice 



calculation yields fs* //b = 1-01 ± COI^'^qq^ 32]. Explicitly, for naked charmed and bottom states 
D*,D*,B*, and B*, we have used the lattice predictions, /d* = 245, /dj = 272, /b* = 196, and 
/b* = 229 (all in MeV) [33] to fix the central value of the respective parameters /3, and allow 10% 



variation in each case, giving decay constant ratios as fo*/ fo = 1.18±0.17, fo*/ fos = l-07ib0.15, 
and Jb*/ Jb ~ fs*/ fss ~ 1-0 i 0.15, to leave the scope for matching with other results. 

(vii) For axial vector mesons, there are two different nonets of = 1^ in the quark model as 
the orbital excitation of the qq system. In terms of the spectroscopic notation ^^'^^Lj, there are 
two types of p-wave axial vector mesons, namely, ^Pi and ^Pi, which have distinctive C quantum 
numbers, C = + and C = — , respectively. Experimentally, the J^^ = 1^^ nonet consists of 
ai(1260), /i (1285), /i (1420), and Kia, while the J^^ = l+~ nonet has 6i (1235), /ii (1170), /ii(1380), 
and KiB- 

(viii) It is generally argued that ai(1260) should have a similar decay constant as the p meson. 
Presumably, fai can be extracted from the decay r — )• ai(1260)^'T-- Though this decay is not shown 



in the Particle Data Group |20l ]. an experimental value of \fai\ = 203 it 18 MeV is nevertheless 
quoted in ^4? The ai(1260) decay constant fa^ = 238 ± 10 MeV obtained using the QCD sum 
rule method [351 ] is slightly higher than this value as well as fp = 215 MeV. In Table Hill we have 
employed fa^ = —203 it 18 MeV as input following our sign convention. 

(ix) The nonstrange axial- vector mesons, for example, ai(1260) and 6i(1235) cannot have mixing 
because of the opposite C-parities. On the contrary, physical strange axial-vector mesons are the 
mixture of ^Pi and ^Pi states, while the heavy axial-vector resonances are generally taken as the 
mixture of and . For example, the physical mass eigenstates i^i(1270) and -fCi(1400) are 
a mixture of Kia and Kib states owing to the mass difference of the strange and nonstrange light 
quarks: 

i^i (1270) = KiA sin Ok^ + Kib cos Or^ , 

i<:i(1400) = KiacosOk^ - KiBsinOKi. (3.18) 
Using the experimental results B{t Ki{1270)iyr) = (4.7 ± 1.1) x 10"^ and r(T 



Ki(1270)i/^)/[r(r ^ Ki{l270)i^r) + r(r ^ ifi(1400)z^^)] = 0.69 ± 0.15 [20|], and the decay width 



^ The decay constant of ai can be tested in the decay 5+ D'^ai which receives the main contribution 
from the color-allowed amplitude proportional to fa^F^^ {m?^_^). 
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formula similar to that given in Eq. ()3.17p with the replacement V ^ A, we obtain ^ 

IM(i270)l = 169.5i^?:^MeV, 

l//<i(i400) I = 139.21^^1 MeV. (3.19) 
These decay constants are related to /kia ™d /i^is through 

"iXi (1270) /i^i (1270) = ^KiaIkia sin + mK-^gfKiB cosOki, 

"i/^i (1400) /a-i (1400) = ^K^AfKiA COsOri - mKiefKiB sinOxi, (3.20) 

where use of Eq. (|3.18p and expressions for decay constants have been made. From the analytic 
expressions of decay constants given in Eq. (j3.ip . it is clear that mxiAfKiA ^'^d mxigfRiB &re 
functions of /3/^^ and quark masses only. In other words, they do not depend on rnxiA is hence 
■ Eq. (j3.20p leads to the following relation: 

"^i-i (1270) /Ifi (1270) + "^i-i (1400) /l-i (1400) = '"^'kia^Kia + '"'^Kib^Kib- (3.21) 



This relation, being independent of the mixing angle 6ki , has been used [Tj to determine the central 
value of the parameter /3ki to be 0.3224 GeV. However, to calculate the individual decay constants, 
masses of Ki mesons are needed for which the mixing angle Ok^ is required. From Eq. (j3.18p . the 
masses of the Kia and Kib can be expresses as 

^K,A = "iii(i270) sin^ Ok^ + mj^,(^^^oo) cos^ 0K^ , 

™A'is = "1/^1(1270) cos^ Ok, + m|^(i4oo) sin^ Ok,. (3.22) 
There exists several estimations on the mixing angle in the literature Q, [sgI . 37] differing in 



the value and sign convention. These often employ masses, partial decay rates of Ki(1270) and 
i^i(1400), and r decay rates to these mesons.'* Note that in the CLE quark model, the sign of Jk^a 
is negative, whereas /kib is positive. With this sign convention, from Eq. (j3.20p . the following two 
solutions [7|] have been obtained: 

= I +50.8° solution I, 
\ -44.8° solution II. 

The second solution is ruled out by the experimental data for B — t- /^i(1270)/i^i(1400) +7 decays 
. Eor = 50.8°, masses of ^Pi and ^Pi states come out to be, 

rriKi^ = 1.26 GeV, rriK.B = 1-52 GeV, (3.24) 



corresponding to 



/i^i (1270) = -170 MeV, (1400) = 139 MeV. (3.25) 



The large experimental error with the i4ri(1400) production in the t decays, namely B{t — > A'i(1400)z^t) 
(1.7 ± 2.6) X 10~^ 20[, does not provide sensible information for the iiri(1400) decay constant 



The relative signs of the decay constants, form factors, and mixing angles of the axial vector mesons were 
often confusing in the literature. The sign of mixing angle is intimately related to the relative sign of the 



KiA and Kib states. For a detailed discussion, refer to 
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Note that obtained value for lies between /3/< and (3k* ■ 

(x) Like s-wave mesons, there are mixing between singlet and octet states of p- wave mesons also, 
equivalently, between uu + dd and ss components. For axial vector states /i(1285) and /i(1420), 
the mixing can be written as 

/i (1285) = fiq sin a/^ + fis cos a/^ , 

/i(1420) = fiq cos a/, - fls sin a/j , (3.26) 

where fiq = {uu + dd)/yj2, and fis is pure (ss) state. The mixing angle a/^ is related to the 
singlet-octet mixing angle 9f^ by the a/^ = + 54.7°, where the latter mixing angle is defined by 

/i(1285) = /icos%+/8sin%, 
/i(1420) = -/isin^/, + /8COS0/,. (3.27) 

The magnitude of the angle is given by the mass relations 

tan2 Of, = , °^ , (3.28) 

while the sign of the angle can be determined from 

tan^., = ""^-^ , „ hixm _ (3 29) 



m. 



"KlA' 

We thus obtain o/i = 94.9°, i.e., ^/i = 40.2°. Denoting the mass of the fis component as m/^^, we 
have 



m 



"^/i(i420)sm a/i +"ij^(i285)Cos a/i, (3.30) 



which yields mf^^^ = 1.425 GeV. Using the mixing angle and niss, the decay constant //-^^ of the 
^P] axial vector meson with a pure ss quark content has been determined to be —230 it 9 MeV 
Consequently, /3/,^ gets fixed in the present CLF model to be 0.3492 ± 0.0064 0]. For the 
purpose of an estimation, for the remaining axial vector mesons, we use the /? parameters obtained 
in the ISGW2 model [ll[ | up to some simple scaling, and 10% uncertainty has been assigned to 
them arbitrarily to study its effects on their decay constants and the corresponding form factors. 

(xi) The /3 values are kept same for other p-wave mesons, scalar {J^'-'' = O"*"*") and axial vector 
{J^^ = 1^ ) mesons, as that of the (J^*^ = l"^"*") mesons having the same flavor quantum numbers. 
So their decay constants are calculated respectively as shown in Table II. The /? parameters for 
p-wave states of the charmed and bottom states are smaller when compared to the respective /3py 
values. 

(xii) Situation regarding the decay constant for the ^Pi mesons is different from the ^Pi mesons. 
First of all, its decay constant vanishes in the isospin or SU(3) limit. In fact, because of charge 
conjugation invariance, the decay constant of the nonstrange neutral meson 65(1235) must be zero. 
In the isospin limit, the decay constant of the charged bi vanishes due to the fact that the bi 
has even G-parity and that the relevant weak axial-vector current is odd under G transformation. 
Hence, /fe+(i235) is very small in reality, arising due to the small mass difference between u and d 
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quark masses. In the present covariant light-front quark model, if we increase the constituent d 
quark mass by an amount of 5 it 2 MeV relative to the u quark one, we find /b+(i235) = 0-6 i 0.2 
MeV which is highly suppressed. ^ Similar to the /i(1285) — /i(1420) mixing in the J^*^ = l"^"*" 
nonet, the /ii(1170) — /ii(1380) mixing can be described for J^*^ = I'' with the replacement 
/i(1285) /ii (1170), /i (1420) /ii(1380), and % ^ 0hi,af^ a/,,, leading to ah, = 54.7° 0], 
i.e., = 0°. However, like bi, decay constants of these mesons also vanish. In fact, in the SU(3) 
limit, /ip^ =0 should follow for strange mesons also in this nonet. However, for the strange mesons 
KiB, nonzero decay constant would arise through SU(3) breaking, and we obtain /kib — 20.4j;^'g 
MeV. For charmed and bottom axial vector mesons, the results given in Table Hill translate to /^j^ = 

■I7Q+37 f3/2 _ p.„ „_14.0 ^1/2 _ i cr4+34 f3/2 _ „ 14.7 ,1/2 _ yc;+33 f3/2 _ .-5.7 
-'-'y-34)/Di — ^'5-0+12.l5 JDis ~ -"-^^-31 ' /Dis — ^'■•^+12.8' JBi — ^'^-30'/Bi — ^-'-•^+4.9' 

fs's = 183111, = -28.3;^i, fl,{l = 157li, and f^l = -47.3;}2-4 (^u in MeV). The errors 
shown here occur due to the 10% arbitrary uncertainty assigned to their /3 values. Note that the 
decay constants of '^Pi and P^^"^ states have opposite signs to that of ^Pi or P^^"^ as can be easily 
seen from Eq. (j3.4p . 

(xiii) Similarly for scalar mesons, their decay constants also vanish in the SU(N) limit, as has 
been shown above Eq. (|3.2p by applying equations of motion. However, due to SU(N) breaking, 
only off-diagonal scalar mesons can have nonzero decay constants, which have been given in Table 
IIIII In the present covariant light-front quark model, if the constituent d quark mass is increased 
by an amount of 5 it 2 MeV relative to the u quark one, we find |/a±(i45o) | = 1.1 ± 0.4 MeV which is 
highly suppressed, whereas SU(3) breaking yields |/^*±| ~ 35 MeV. Thus it is clear that the decay 
constant of light scalar resonances remain largely suppressed relative to that of the pseudoscalar 
mesons owing to the small mass difference between the constituent quark masses, though this 
suppression becomes less restrictive for heavy scalar mesons because of heavy and light quark mass 
imbalance, and decay constants are of the order of hundred MeV. Note that what is the underlying 
quark structure of light scalar resonances is still controversial. While it has been widely advocated 
that the light scalar nonet formed by (t(600), k(800), /o(980) and ao(980) can be identified primarily 
as four-quark states, it is generally believed that the nonet states ao(1450), Kq{1430), /o(1370) and 



/o(1500)//o(1710) are the conventional qq' states Therefore, the prediction of fx* ~ 35 MeV 



for the scalar meson in the su content (see Table |III|) is most likely designated for the JCq (1430) 



state. Notice that this prediction is slightly smaller than the result of 42 MeV obtained in |43l | based 



on the finite-energy sum rules, and far less than the estimate of (70 it 10) MeV in 4J]. It is worth 
remarking that even if the light scalar mesons are made from 4 quarks, the decay constants of the 
neutral scalars (t(600), /o(980) and ao(980) must vanish owing to charge conjugation invariance. 

(xiv) In this work, we have only considered the scalar nonet with masses above 1 GeV, for which 
the quark content of ao(1450) and -R'o(1430) is quite obvious, whereas the internal structure of the 
isoscalars /o(1370), /o(1500) and /o(1710) in the same nonet is controversial and less clear. Since 



In [4l[, the decay constants of oi and bi are derived using the Kia — Kib mixing angle Oki and SU(3) 
symmetry to be {fb,;faj = (74; 215) MeV for Or, = 32° and (-28; 223) MeV for 0k, = 58°. It seems to 
us that the magnitude of 61 decay constant derived in this manner is too big. 
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not all the three isosinglet scalars can be accommodated in the qq nonet pictm'e, one of them should 
be primarily a scalar glueball . Among them, it has been quite controversial as to which of these 
is the dominant scalar glueball. It has been advocated that /o(1710) is mainly {ss) and /o(1500) 
mostly gluonic 45|, |46[. However, this scenario encounters several insurmountable difficulties, see 
471 . 148( 1 for detailed discussions. Based on two simple and robust results as the input for the 
mass matrix, the analysis in [4g] shows that in the limit of exact SU(3) symmetry, /o(1500) is an 
SU(3) isosinglet octet state and is degenerate with ao(1450). In the absence of glueball-quarkonium 
mixing, /o(1370) becomes a pure SU(3) singlet and /o(1710) the pure glueball. When the glueball- 
quarkonium mixing is turned on, there will be some mixing between t he g lueball {G) and the 
SU(3)-singlet qq. The mixing matrix obtained in this model has the form |48l ]: 

//o(1370)\ / 0.78 0.51 -0.36 \ ( 



(3.31) 



/o(1500) = I -0.54 0.84 0.03 I /o. 
V/o(1710)/ V 0.32 0.18 0.93 )\G 

where /og = {uu + d(i)l^2^ and /q^ is pure (ss) state, with masses 1.474 GeV and 1.5 GeV, 
respectively. It is evident that /o(1710) is composed primarily of the scalar glueball, /o(1500) is 
close to an SU(3) octet, and /o(1370) consists of an approximate SU(3) singlet with some glueball 
component (~ 10%). Note that the recent quenched and unquenched lattice calculations all favor 
a scalar glueball mass close to 1700 MeV [491 ]. 

(xv) In principle, the decay constant of the scalar strange charmed meson Z)*q can be determined 
from the hadronic decay B — ^ DD*q since it proceeds only via external VF-emission. Indeed, a 
measurement of the DD*q production in B decays by Belle [50(] indicates a fD*^^ of order 60 MeV 
51 1 which is close to the calculated value of 71 MeV (see Table IIIip . In our earlier work [l| , we 
have discussed more about DD** productions in B decays. The smallness of the decay constant 
fo* relative to can be seen from Eqs. (13. 6p and (13. 8p that 



/d,(D*o) OC j dX2--- [mcX2 ±771,^(1 



(3.32) 



Since the momentum fraction X2 of the strange quark in the Ds{D*q) meson is small, its effect 
being constructive in Dg case and destructive in D*q is sizable and explains why fDi^/fOs ~ 0-2- 

(xvi) For D and B systems, it is clear from Table Hill that 1/^^3/2! <^ fs < /yii/2, in accordance 
with the expectation from HQS [cf. Eq. (j3.5p ]. Decay constants of p- wave charmed and bottom 
mesons have been obtained using the Bethe-Salpeter method [5^, which are consistent with values 
obtained in Table II for the bottom sector and ^Pi charmed mesons, and are slightly higher than 
that of other p-wave charmed mesons. However, our values for D*q and Df, ^ match well with the 



results fi)* = 67.1 ± 4.5 MeV and fosi = 144.5 ± 11.1 MeV obtained in [53|] based on the analysis 



of B ^ D* + D*q/Dsi decays. For charmed (cn) meson, our estimate /^i/a = 179_34 MeV is 

54( 1 from the analysis 



consistent with values f ^1/2 



196 ± 93 MeV and 206 ± 120 MeV obtained in 



of B 



D^'^'K and B 



dI^'^tt decays, respectively. 



(xvii) The (3 values used in the present analysis often differ from the ones given in the earlier work 
[l| to match with the decay constants based on the latest data. For the same reason, the strange 
quark mass = 0.45 GeV used here is different from the values 0.37 GeV used earlier [l|. This 
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choice of the strange quark mass has to be made to obtain fx* = 0.35 MeV based on the analysis 
of the B decays emitting Kq 55|, ISGJ. Otherwise, for the strange quark mass nis = 0.37 GeV, this 
decay constant would require /3x* > 0.60, which is quite high for p-wave mesons. Particularly, it 
would also spoil the matching for decay constants of axial vector Ki mesons which seem to require 
/3 < 0.4. Furthermore, choosing /Sk* > 0.60, would also enhance /d*^ and unduly high if 

si 

their /3's are taken to be greater than or equal to that of Kq. The new choice of nis = 0.45 GeV 
has obviously resulted in difference in the obtained form factors involving strange mesons from that 
given in the earlier work 

(xviii) In this work, we have investigated the variation of the form factors and their slope pa- 
rameters for dependence with the variation of /3 values. Wherever the experimental information 
is available, we have used that to fix the errors in the beta values, otherwise a standard 10% 
uncertainty in /3 is assigned to the remaining s-wave and p-wave mesons. 



IV. COVARIANT MODEL ANALYSIS OF FORM FACTORS 

In this section we first describe the form factors for s-wave mesons within the framework of 
the covariant light-front quark model 0] and then extend it to the p-wave meson case followed by 
numerical results and discussions in the next section. 



A. Form factors for s-wave to s-wave transitions 



Form factors for P ^ P,V transitions are defined by 

{P{P")\V,\P{P')) = P,U{q') + q,Uq'), 
{ViP",e")\V^\P{P')) = e^,^pe"*''P'^qPg{q% 

{V{P\e")\A,\P[P')) = -i[e";f{q^)+e*" ■P[p,a+{q^) + q,a.{q')]], (4.1) 

where P = P' + P" , q = P' — P" and the convention £0123 = 1 is adopted. These form factors are 
related to the commonly used Bauer-Stech-Wirbel (BSW) form factors 57[ via 



V^^'iq') = -{M' + M")g{q^), ^^(g^) 



M' + M" ' 



2M' 



■a-{q' 



where the latter form factors are defined by [57l| 



{Pip")\v,\p{p')) = ( p, - -f" q\ Fn,') + " ..Fn'^ 



{V{P",e")\V,\P{P')) 



1 



M' + M" 

{ViP",e")\A^\PiP')) = ^{(M' + M")e;:Mr(g 



(^Iiual3^ P q'^v [q ), 



e"* ■ P 



- P 4^^('«2^ 
77 -'^1^2 \Q 



M' + M 



(4.2) 
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with F[P{d) = Fo^^(O), Af^(O) = ^^^(0), and 



2M" ^ ^ 2M" 



(4.3) 



(4.4) 



Besides the dimensionless form factors, this parametrization has the advantage that the de- 
pendence of the form factors is governed by the resonances of the same spin, for instance, the 
momentum dependence of -Fo(9^) is determined by scalar resonances. 

To obtain the P — )• M transition form factors with M being a ground-state s-wave meson (or a 
low-lying p-wave meson), we follow [l|, 0] to obtain P ^ P,V form factors before considering the 
p-wave meson case. For the case of M = P, it is straightforward to obtain the form factors f±{q'^) 
for = —q^ < 0. We will return to the issue of the momentum dependence of form factors in the 
last sub-section. At q'^ = 0, the form factor /+(0) is simply given by 



Ml') 



Nr 



h' h" 



xi{M'^ + M'^-') + X2q 



Il2\ 



167r3 J " ' "x2N[N'{ _ 

I I ll\2 I I \2 I II \2 

—X2[mi — nil) — xi(mi — 1712) — xi[mi — m2) 



(4.5) 



Similarly, we have 



167r3 



9/?' h" 



X1X2M' — p'± — m'im2 + {ni'l — 7712) (2:2 m,'^ -|- Xim2) 



+2 



q-P 



ip'±-q±? 



+ 2 



{p'± ■ qi-f p'_L • 9± r 



M 



112 



q \ q I q q 

-{X2 - xi)M'2 + 2xiM'^ - 2 
We next turn to the P transition form factors, which are given by 



X2{q^ + q-P) 



(4.6) 



a+{q^ 



Nr. f ^ ^2 1 '^h'ph" 

ax2d pj_ 



167r3 

Nr 



167r^ 



X2N[N^ 
I uii ( 



V ) I , I / ' ii\P± ' q± , ^ 

' X2mi + xim2 + [mi - mi) ^ 1 77 



V 



12 , {P'± • 9±? 

P± ^ Z2 



dx2d 



2^1 hph{, }2xi{m2-m'i){M';^ +M'^^)-Axim'iM';^ + 2x2m'iq-P 



X2N'iNl 



+2m2q - 2xim2{M'^ + M"^) + 2{m'i - m2){m'i + m'[)^ + 8(m^ - m2 



12 , {p'±-q±? ' 

Pi- 12 



+2{m'i+m'l){q^ + q- P) 



y±-Q± ,q''p'l + {p'±-q±? 



9 // 



2xi{M''^ + M'^) - q^ - q ■ P 



-2{q^ + q ■ P)^^^ - 2(m; - m'l){m'i - m2) 



Nc 
167r3 



dx2d p^ 



•2 I ^ilpilx 



X2N'iNl 



(xi - X2){x2m'i + xim2) - [2xim2 + m'/ -|- {x2 - xi)m'i] 



P± ■ q± 
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2 // 

X2q^Wy 



167r3 



h' h" 



p'l ■ p"l + (a^i"^2 + X2m'{){xim2 - X2m'[] 

2(2xi — 3)(x2?TT-'i + Xim2) — 8(m'j^ — 



2 4 



-[(14- 12xi)m'i - 2m'/ 



12xi)m2j 2 — 



+ ^ ( [W' + M"^ - + 2(m'i - m2){m'i + ?n2)](4'^ + " 4 



i(2) 



+Z2(34^^ - 2ylf - 1) + ^[xi{q^ + q-P)- 2M'^ - 2pY • q± 



l(2) 



-2m'i(m'/ + m2) - 2m2(m'i - 7712)] (vli^^ + A^^^ - 1 



.(1) 



+q-P 



q^ 



{4^^ - 3) 



(4.7) 



where various quantities appearing in these formulas have been described in the previous section. 



B. Form factors for s-wave to p-wave transitions 



The general expressions for P to low-lying p-wave meson transitions are given by 
{S{P")\A,\P{P')) = i[u+{q')P,+u.{q^)q^], 
{A'/\P", e")\V,\PiP')) = ^ {^i/2(g^)<* + e"* • P[P,c'fiq') + q,c]/\q^ , 
{A'/\P",e")\A,\PiP')) = -qi,2{q\,uape"*''P^q^ 

{A'l^P", e")\V,\P{P')) = I {hi2{.i)e"; + 6"* • P\P,cT{.i) + q,cl'{q^)\) , 
{A^/\P",e")\A^\P{P')) = -q^/2{q\,uape"*''P^q^. 



(4.^ 



l/2{'3/2) l/2('3/2) 

The form factors -^1/2(3/2); ? c„ and Q'i/2{3/2) defined for the transitions to the heavy 

1/2 3/2 

P^ {P^ ) state. For transitions to light axial- vector mesons, it is more appropriate to employ the 
L — S coupled states ^Pi and ^Pi denoted by the particles ^A and ^A in our notation. The relation 
between p]^^"^ , p'^^'^ and ^Pi, ^Pi states is given by Eq. (|3.4p . The corresponding form factors 
(-i-A{^A)i (^+^ ^\ (^-^ ^-iid qi-A{^A) foi' P ^ ^A i^A) transitions can be defined in an analogous way.^ 
Note that only the form factors u+{q'^),U-{q'^) and k^q"^) in the above parametrization are 
dimensionless. It is thus convenient to define dimensionless form factors by'' 



{S{P")\A,\P{P')) 



M"^ \ ^PS, 2^ - M"^ r.P^r 2^ 

9m PPiq^) + 2 9m 



The form factors iiA(3A\iC^ ,c_ and (7ia(3A) are dubbed as ^(w), c+(s+), c_ (s_) and q{r), respec- 



tively, in the ISGW model 
^ The definition here for dimensionless P ^ A transition form factors differs than Eq. (3.17) of 
the coefficients (mp ± m^) are replaced by (mp =p m^). It has been made clear in the earlier work [1| that 
this definition will lead to HQS relations for B — >■ Dg, Di transitions similar to that for B ^ D, D* ones. 



5l|l_v 
rkQ 



where 
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{A{P",e")\V,\P{P')) 



e* -P' 

mp — rriA 



2mA- 



e* -P' 



-9m 



PA/ 2-, 



{A{P'\e")\A,\P{P')) 



mp — mA 



with 



2mA 



(4.9) 
(4.10) 



and V3 (0) = Vq (0). They are related to the form factors in (j4.3p via 

FPiq') = -u^{q\ FP{q') = -u^{q')-^u^{q^) 

A^\q^) = -{M'-M")q{q% Vf%') = -J^;^, 
Vr%') = {M' - M") c^{q% Vi\q') - V.^^q') 



q 



(4.11) 



In above equations, the axial- vector meson A stands for A^^'^ or A^^'^. 

The P — )• 5 (A) transition form factors can be easily obtained by some suitable modifications 
on P — )• P (V) ones. The P — )• S" transition form factors are related to f± by 

u± = -f±{m'l ^ -m'l, h"p ^ h'^.). (4.12) 

Thus the following form of these form factors can be obtained from that of P — >• P ones by the 
replacements given above, 



u+{q ) 



167r3 



h' h" 

^X2N[N'{ 



Ii2\ 



+X2\mi^mY) +xi(mi-m2) + j;i(mi + 7712) 



167r3 



/2n h 
dx2(fp'^ < xiX2M''^ +p'1 + m'im2 + {m'[ + m2){x2m'i + Xim2) 
X2N[N{ y 



p1 + 2 



^ {p'± • q±? , p'± • q± 



M 



112 



X2{q^ + q-P) 



{X2 - xi)M'^ + 2xiM[f - 2{m[ - m2){m[ - m'l) 



(4.13) 



Similarly, the analytic expressions for P ^ A transition form factors can be obtained from that 
of P — 7- y ones by the following replacements: 



^('Z') = /(?') with {m'l ^ -m'l, h'{. ^ h^^,^, < ^ w'l^,^), 

q'^'^iq') = g{q') with (m'/ ^ -m'l, h'{, ^ h^^,^, < ^ w'l^^^), 

c^' ^(ct) = a+{q^) with (m'/ -m'/, h'y h'^AiA, w'y w'Iaia)-, 

c^'^iq^) = a-{q^) with {ml ^ -m'l, h'l^ ^ h'^AM^ "^V ^ '^3^4,1^). (4.14) 
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It should be cautious that the replacement of m'/ — )• — m'/ should not be applied to m'( in w" and 
h". These form factors can be expressed in the and P^^"^ basis by using Eq. (j3.4p . For further 
details, the reader is referred to the earlier work 

C. Form-factor momentum dependence and numerical results 

Because of the condition g+ = we have imposed during the course of calculation, form factors 
are known only for spacelike momentum transfer = —q'j_ < 0, whereas only the timelike form 



factors are relevant for the physical decay processes. It has been proposed in [18(] to recast the form 
factors as explicit functions of in the spacelike region and then analytically continue them to the 
timelike region. Another approach is to construct a double s pec tral representation for form factors 
at < and then analytically continue it to > region 58|. It has been shown recently that. 



within a specific model, form factors obtained directly from the timelike region (with o+ > 0) are 



identical to the ones obtained by the analytic continuation from the spacelike region 59 1. 

In principle, form factors at > can be evaluated directly in the frame where the momentum 
transfer is purely longitudinal, i.e., q± = 0, so that q^ = q~^q~ covers the entire range of momentum 
transfer |12t |. The price one has to pay is that, besides the conventional valence-quark contribution, 
one must also consider the non- valence configuration (or the so-called Z-graph) arising from quark- 
pair creation from the vacuum. However, a reliable way of estimating the Z-graph contribution is 



still lacking unless one works in a specific model, for example, the one advocated in 59(]. Fortunately, 
this additional non-valence contribution vanishes in the frame where the momentum transfer is 
purely transverse i.e., q~^ = 0. 

To proceed we find that, except for the form factor V2 to be discussed below, the momentum 
dependence of form factors in the spacelike region can be well parameterized and reproduced in the 
following three-parameter form: 

F(q^) = ^ (4 15) 

for P ^ M transitions, where F stands for the relevant form factors appearing in these transitions. 

The parameters a, b and -F(O) are first determined in the spacelike region. We then employ this 
parametrization to determine the physical form factors at q^ > 0. In practice, the parameters o, b 
and F(0) are obtained by performing a 5-parameter fit to the form factors in the range —20 GeV^ < 
q^ < for B decays and —10 GeV^ < 9^ < for D decays. All P ^ M form factors are calculated 
at five q'^ values given below: 

a) for the charm sector: q"^ = -0.01, -0.1, -1.0, -5.0, -10.0 GeV^ 

b) for the bottom sector: q"^ = -0.01, -0.1, -5.0, -10.0, -20.0 GeV^. 

These parameters are generally insensitive to the q'^ range to be fitted except for the form factor 
V2(g^) in B{D) — )• ^Pi,P^^'^ transitions. The obtained a and b coefficients are in most cases not 
far from unity as expected. 

We have also analyzed the sensitivity of the form factors -F(O), and the slope parameters (a 
and b) to the uncertainties of /3 values. The form factors at = are generally found to be less 
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sensitive to the variation in (3 values, whereas the corresponding parameters a and b are rather 
sensitive to the chosen range for /3. Numerical results and discussion of these form factors and 
slope parameters (o and h) are presented in detail in the following section. 



V. NUMERICAL RESULTS AND DISCUSSION 

Equipped with the explicit expressions of the form factors f+{q^)J-{q^) [ Eqs. (jl3|) and (lOI) ] 
for P — )• P transitions, g{q^), f{q^), a+{q^),a_{q^) [Eq. (|4.7|) ] ioi P ^ V transitions, u+{q^),U-{q^) 
[Eq. dUS])] for P ^ transitions, and i{q^) , q{q^) , c+{q^) , C-{q^) [Eq. (gUD] for P A transition, 
we now proceed to perform their numerical studies. In the earlier work, results for the form factors 
for D{cu) , B{bu) — t- isovector (vr like) and isospinor {K and D like) transition were calculated. In 
this work, we include isoscalar initial and final state mesons as well. Besides giving the updated 
results of these transitions due to the change in the strange quark mass, the variation of the /3 
values and performing fit for five q^ values, the Ds,Bs — )• P, V, S, and A transition form factors are 
the main new results in this work. 

In Tables IIVI -|X[ we present calculated form factors and their q'^ dependence, along with their 
allowed range due to uncertainties in /3 values of the initial and final mesons, for the P(0~) — )■ 
P(0^),F(1^),S'(0+), ^Pi), and ^(1+ ^Pi) transitions of the charmed D,Ds and bottom 



B, Bg mesons. In calculations, we have taken the meson masses from the Particle Data Group [20(]. 
Taking the natural flavor basis for isoscalar states of all the mesons (M), i.e., Mq = (uu+dd) j ^2 and 
Ms = (ss), we use the following masses (iri^GeV): m^^ = 0.741 and m^^ = 0.802 for pseudoscalar 



mesons taken from an analysis given in [56|], ruf^^^ = 1.283 and mj^^ = 1.425 for the axial- vector 
(l^"*") nonet, rrifi-^^ = 1.242 and jti/^^^ = 1.314 for the other axial-vector (1^* ) case, and w-jo, = 1-474 
and mf^^ = 1.5 for the scalar (0"*"^) mesons, based on the respective mixing schemes described in 
Sec. III. Form factors for transitions to the physical isosinglet diagonal states can be obtained from 
the Tables by including suitable Clebsch-Gordan coefficients. For instance, 



^BA(1420) ^ 1 ^5/1(1285) = 1 sina. ^^/^s (5.1) 

where a/^ has already been defined in Sec. III. The factor V2 appears for the i? — )■ /i form factors, 
since either uu or dd component of fiq can be transited from B meson via the appropriate weak 
current. Similarly, only the ss components of these mesons can be transited from the Bs meson. So 
the size of these corresponding form factors for physical isoscalar diagonal states gets reduced by 
the Clebsch-Gordan coefficients. Similar procedure can be adopted for transitions to the isosinglet 
diagonal states in other multiplets. 

In these tables, two sets of uncertainties in the form factors, commonly denotes as P(0), and 
their slope parameters (a and b) are given. The first and second sets of uncertainties shown in their 
values arise from the allowed uncertainties in the /3 parameter of the initial and final state meson, 
respectively. For the sake of clarity, it is mentioned here that the uncertainty shown as superscript 
(subscript) is due to the increase (decrease) in f3 of the corresponding meson. The obtained a and 
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b coefficients are in most cases not far from unity as expected. These parameters are generally 
insensitive to the range to be fitted, except for the form factor V2{q'^) in B{D) — )■ ^Pi,Pi^^ 
transitions. For these transitions, the corresponding parameters a and h are rather sensitive to the 
chosen range for g^, and quite larger than unity. This sensitivity is attributed to the fact that the 
form factor V2{q'^) approaches to zero at very large — l^^l where the three-parameter parametrization 
(j4.15p becomes questionable. To overcome this difficulty, we follow [l| to fit this form factor to the 
following form: 

F(a^\ = ^ f5 21 

^ (1 - g7"4(,,))[l - <<lVm%D)) + KiV^^i^D)?] ' 

BKxp 

and achieve a substantial improvement. For example, we have a = 2.18 and h = 6.08 when ^ 
is fitted to Eq. (j4.15p and they become a = 1.74 and b = 2.17 (see Table [IX|) when the fit formula 
Eq. (j5.2p is employed. It may be noted that we have considered parent meson constituted of heavy 
quark and light antiquark, since certain decay constants and form factors may change sign. 
We make the following observations: 



A. P(0~) P(0~) Form Factors 

• From Table IIVI we notice that heavy-to- light form factors for the bottom mesons are smaller 
(around 0.3) than all the charmed meson form factors and the heavy-to-heavy bottom meson 
form factors, p^^^^"^') ^ which are around 0.7 or 0.8. 

• We notice that the values of form factors at (7^ = for Bg transitions are similar to the 
corresponding ones in B transitions. Therefore, flavor of the spectator quark does not seem 
to play a special role in affecting them. Particularly, we note the following for both -Fo(O) 
and Fi(0): F^"'^- = F^^ , F^-^ ^ F^'^, and F^-^- ^ F^'^" , where 7]g = {uu + dd)/^/2, and 
rjs is pure (ss) state. For the charm sector also, one may notice F^"^ = F^'^{k, F^^) and 
pDsrjs ~ F^^ . However, the slope parameters, a and b, differ for these cases. 

• Since the decay constants of pseudoscalar mesons are quite accurately determined, the errors 
on the P parameters are rather small. Correspondingly, the errors in the calculated form 
factors at = are also very small. The same is true for the slope parameters except for a 
few cases, particularly for b, which may show large variation sometimes. 

• Form factors (Ff^^O) and Fq'^{0)) usually tend to decrease (increase) with increasing (de- 
creasing) f3 for initial meson, whereas they tend to increase (decrease) with increasing (de- 
creasing) f3 for final meson. Only for Bs, the form factors show increasing (decreasing) trend 
for the initial as well as the final meson. 

• Usually all the slope parameters are found to be positive. For the bottom sector, the slope 
parameters are larger than that for the charm sector. Particularly, the parameter b is much 
small (< 0.1, if not zero) for F(f^(0), except for F^'^{0) and F(f'''=(0) for which b ^ 0.35. 
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For F^''^{0) and F^''^"{0), the parameter b is around 2 — 3 times larger than that for other 
cases. 

• Slope parameters obtained using Eq. (|4.15|) generally tend to increase (decrease) with de- 
crease (increase) in /3 for each of the initial and final mesons. 

• According to the three-parameter parametrization Eq. (j4.15p . the dipole behavior corre- 
sponds to 6 = (a/2)^, while 6 = and a ^ induces a monopole dependence. An inspection 
of Table HVl indicates that form factors Fq'^ generally show a monopole behavior, and Ff^ 
have a dipole behavior particularly for charmed meson transitions. 



B. P(O-) V{1-) Form Factors 

• Like -P(0~) —7- i^(0~) form factors, we note the following behavior from Table IVl ~ 
pBD*^ pBs<p ^ pBp ^ pBu^ pDs4> ^ pDK* pDsK* ^ pDp ^ pDu ^ ^^i^^^ p represents 

any of the form factors, V^^ ,Aq^ ,Ai^ or Af^. However, the slope parameters show 
considerable differences for these cases. 

• It is observed that heavy-to-light form factors for the bottom mesons are smaller (between 
0.2 to 0.4) than all the charmed meson form factors and the heavy-to-heavy bottom meson 
form factors, F^^ i^fD^)^ which lie between 0.6 to 1. We also notice the pattern Aq^ > 
Af^ > A2^ for all transitions, whereas V^^ > Aq^ for charmed meson and B/Bg — > D/Dg 
transitions, but V^^ is slightly smaller than Aq^ and remains greater than A12 for the 
heavy-to-light bottom transitions. 



TABLE IV: Form factors of P(0 ) — )■ P(0 ) transitions obtained in the covariant light-front model 
are fitted to the 3-parameter form Eq. (|4.15|) . All the form factors are dimensionless. 



F 



F{0) 



a 



F 



m 



a 



pDn 
pDrtq 
pDK 



0.66 
0.71 



,01+0.00 

,01-0.00 
,00+0.01 
,00-0.01 
,01+0.00 
,01-0.00 



1.19; 
1.13; 
1.05 



-0.01-^ 
-0.01- 
-0.01- 
-0.01- 
-0.01- 
-0.01- 



0.00 
-0.00 
0.02 
0.02 
0.00 
0.00 



0.35; 
0.27; 
0.25^ 



-0.03-^ 
-0.03- 
-0.02- 
-0.02- 
-0.02- 
-0.02- 



0.00 
-0.00 
0.02 
-0.02 
0.00 
-0.00 



^0 
^0 



0.66] 



-0, 

o.7i;l]: 



0.79 



01+0.00 
01-0.00 
01+0.01 

00- 0.01 
01+0.00 

01- 0.00 



0.51 
0.43 
0.47 



00-0.00 
,00+0.00 

,01-0.03 
01+0.03 
,00-0.01 
,00+0.01 



0.00; 

-0.01 
-0.00 



-0.01-0.00 
-0.01+0.00 
-0.00+0.00 
+0.01-0.00 
0.00-0.00 
0.00+0.00 



F, 



1 



0.66 
0.76 



-0, 
+0, 
-0, 
+0, 



00+0.00 
00-0.00 
00+0.02 

00-0.03 



1.11; 

1.02" 



-0.00- 
-0.00- 
-0.01- 
-0.00- 



0.00 
-0.00 
0.01 
-0.01 



0.48; 
0.40" 



-0.03- 
-0.03- 

-0.02- 
-0.02- 



0.01 
-0.01 

0.05 
-0.05 



F 



DsK 







0.66] 



Fc 



0, 



00+0.00 
00-0.00 
01+0.02 

00-0.03 



0.56] 



0. 
'+0. 

0.60l[j; 



00-0.01 
00+0.01 

00-0.06 
00+0.05 



0.04; 

0.04" 



-0.01-0.00 
-0.01+0.00 
-0.00-0.01 
-0.00+0.01 



pB. 
pBriq 
pBK 
BD 



0.25 
0.29 



0.34;° 



0.67 



+0 



,00+0.00 
,00-0.00 
,00+0.01 
,00-0.01 
,00+0.00 
,00-0.00 
,00+0.01 
,00-0.01 



1.70; 

1.63; 
1.60; 

1.22" 



-0.03- 
-0.03- 
-0.02- 
-0.02- 
-0.02- 
-0.02- 
-0.01- 
-0.01- 



0.00 
0.00 
0.02 
-0.02 
0.00 
-0.00 
0.02 
-0.01 



0.90; 
0.74; 
0.73; 

0.36 



-0.05- 
-0.06- 
-0.04- 
-0.04- 
-0.04- 
-0.04- 
-0.01- 
-0.01- 



0.00 
-0.00 
-0.04 
-0.04 
0.01 
-0.01 
0.01 
-0.02 



^0 
^0 



0.25] 



-0, 
•■+0, 

0.29;0; 
0.34;°; 
0.67;1]; 



00+0.00 
00-0.00 
00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.01 
00-0.01 



-0. 
+0. 



0.82 
0.75;[J 
0.78;0 



0.63 



+0 



02-0.00 
02+0.00 

01- 0.03 
01+0.03 

02- 0.01 
02+0.01 
00-0.02 
00+0.02 



0.09 
0.04 
0.05; 
-0.01 



0.01-0.00 
0.02+0.00 
0.01-0.01 
+0.01+0.01 
-0.01-0.00 
-0.01+0.00 
-0.01-0.00 
+0.01+0.00 



pBsK 
pBsrjs 
pBgDs 



0.23 
0.28 
0.67: 



00+0.00 
00-0.00 
00+0.02 

00- 0.02 
00+0.01 

01- 0.01 



1.88; 
1.82; 

1.28" 



-0.04- 
-0.04- 
-0.04- 
-0.04- 
-0.02- 
-0.02- 



0.01 
-0.01 
0.05 
-0.05 
0.02 
-0.02 



1.58; 

1.45; 

0.52" 



-0.12- 
-0.14- 
-0.11- 
-0.13- 
-0.03- 
-0.03- 



0.03 
-0.03 
0.16 
-0.18 
0.02 
-0.02 



F 



BsK 





TpBa-Qs 

jpBgDs 
^0 



0.23; 

0.28; 
0.67 



00+0.00 
00-0.00 
00+0.02 

00- 0.02 
00+0.01 

01- 0.01 



1.05; 

1.07; 

0.69 



+0 



03-0.01 
04+0.01 
,03-0.06 
03+0.07 
,01-0.02 
,00+0.02 



0.35 
0.32 
0.07 



0.05-0.02 
0.04+0.00 
0.04-0.06 
0.05+0.07 
0.01-0.01 
+0.01+0.01 
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Here also due to the reliability in fixing the /3 parameter for lighter vector mesons and the 
parent pseudoscalar mesons, the errors in the calculated form factors F{0) are very small. 
In contrast, the slope parameters do show sensitivity to the variation in the (3 parameters 
specially in the bottom sector. 

Form factors, V^^ (0), Aq^ (0), and Af^{0), for the charm sector usually tend to decrease 
(increase) with increasing (decreasing) /? for initial meson, whereas they tend to increase 
(decrease) with increasing (decreasing) /3 for final meson. However, the form factor (0) 
shows the opposite trend. 

For the bottom sector, form factors generally tend to increase (decrease) with increasing 
(decreasing) (3 for each of the initial and the final mesons. 

Slope parameters for all the cases are found to carry positive values. Both parameters (a and 
b) generally tend to increase (decrease) with decrease (increase) in /? for each of the initial 
and final mesons. 

The parameters a is usually less sensitive to the f3 variation, whereas b is more sensitive to /3 
values and may show large variation (10%) or even more sometimes for the bottom sector. 

Almost all the form factors for D as well as B are higher by (5 — 10)% than that obtained 
in the earlier work [l|, whereas both slope parameter are reduced in magnitude. This could 
happen because now we perform 5-point fit for q"^ values. 



On comparison with P ^ P,V form factors obtained in the BSW model 57|, the Melikhov- 
Stech (MS) model 
lattice calculations 



60| . QCD sum rule (QSR) [6l|], light-cone sum rules (LCSR) [64] and 
63|, it is pointed out that our predictions agree well with the available 
lattice results, and are most close to that of the MS model except for Bg transitions, which 
larger than our results. The LCSR and BSW model results are usually larger for P ^ V 
form factors for D and B transitions, however LCSR form factors for Bs — s- K* transition 
match well with present work. The QSR calculations are generally lower than our results, 
except for B — t- K* form factors which are higher than our predictions. Recently, P ^ V 
: orm factors for bottom mesons have also been calculated in the perturbative QCD approach 



641 ] ■ which are found to be lower than the values obtained in the present work. 



Experimentally, the form factors ratios ry = V^^ {0)/Af^ (0) and r2 = A2^ (0) / A^^ (0) are 



available for two semileptonic decays D — t- K*lu and D — t- (j)(.v j20l |: 

rv{D K*) = 1.62 ± 0.08, r2{D K*) = 0.83 ± 0.05, 

ry(L»^ ^ 0) = 1.82 ±0.08, r2(Ds ^ (^) = 0.84 ±0.11. (5.3) 

Our predictions r2{D — t- K*) = 0.83 and r2{Ds — t- 0) = 0.86, agree well for both the decays, 
whereas rv{D — t- K*) = 1.36 and rv{Ds (p) = 1.42 are lower than the corresponding 
experimental values. 
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C. P(O-) 5(0+) Form Factors 

• It has been discussed in Sec. Ill that there are two sets of scalar mesons: the hght scalar nonet 
formed by (j(600), k(800), /o(980) and ao(980); and the heavy scalar nonet contains ao(1450), 
K^{U30), /o(1370) and /o(1500)//o(1710). Though their underlying quark structure is stiU 
controversial, the present experimental data seem to provide a consistent picture that light 
scalar mesons below or near 1 GeV can be described by the qqqq states, while scalars above 1 
GeV form a conventional qq with possible mixing with glueball states. In this work, we have 
calculated the form factors involving heavy scalar mesons, taking /o(1710) to be primarily a 
glueball, and /o(1500) and /o(1370) to be the SU(3) states as described in Sec. III. 

• From Table Wl\ we notice that all the form factors for charmed mesons are around 0.5-0.6 



TABLE V: Form factors of P(0 ) — )■ V{1 ) transitions obtained in the covariant light-front model 
are fitted to the 3-parameter form Eq. M.lSh . All the form factors are dimensionless. 



F(0) 



a 



F 



F{0) 



a 



^2 
aDK* 
^0 



A^P 

yDiu 

A^^ 
yDK* 



0.88;°; 

hO, 

0.58;0; 
0-98;°: 



0.60;^ 

0.85] 



0.72 



02+0.01 
01-0.01 
00+0.00 

00- 0.01 
02+0.01 

01- 0.01 
01+0.00 

00- 0.00 
02+0.01 

02- 0.01 
01+0.01 

01- 0.01 



0. 
0. 
0. 

'+0. 

J^-^^+0. 
0. 



1.23^ 
0.46] 



0.49 



+0, 



10"° 



1 

0.45 



01- 0.00 
01+0.00 

02- 0.01 
02+0.01 

01- 0.00 
01+0.00 

02- 0.01 
02+0.01 
02-0.00 
02+0.00 
02-0.01 
02+0.01 



0. 

'+0. 

0.01;°: 

0. 
+0. 

0. 
+0. 



0.40] 



0.45^ 
0.02] 



0.32;°: 



0.01 



03- 0.01 
04+0.01 
00-0.00 
00+0.00 

04- 0.01 
04+0.01 
00-0.00 
01+0.00 
03-0.01 
03+0.01 
00-0.00 
00+0.00 



0.69; 



-0. 
-0. 

0.471J]: 
0.64;°; 
0.49j:J]; 

-0. 
-0. 
-0. 
-0. 



0.78; 
0.60 



01+0.01 
01-0.01 

00- 0.00 
00+0.00 
01+0.01 

01- 0.01 

00- 0.00 
00+0.00 
01+0.01 

01- 0.01 
00-0.00 
00+0.00 



1.08;Jj; 
0.89lj] 



1.08] 



0, 
'+0, 

0.95l[j 

0.89;°; 



02-0.00 
01+0.00 

00- 0.02 
00+0.02 
02+0.00 

01- 0.00 

00- 0.01 
00+0.01 

02- 0.00 
02+0.00 

01- 0.01 
00+0.01 



0.45] 



0. 
'+0. 

0.23;°; 
0.50;°; 
0.28;°; 
0.34;°; 
0.2i;°; 



03- 0.01 
03+0.01 
02-0.01 
02+0.01 

04- 0.01 
04+0.01 

02- 0.01 
02+0.01 

03- 0.01 
03+0.01 
02-0.01 
02+0.01 



0.87 



-0, 
+0. 

0.56;°; 
0.98;°; 

0, 



0.69 



+0 



01+0.01 
01-0.01 
00+0.01 

00- 0.01 
01+0.00 

01- 0.00 
00+0.00 
00-0.00 



0.59 



1.04] 



0, 
+0, 

0.56;°; 



00+0.00 
01-0.00 

01- 0.01 
01+0.01 
00+0.00 
00-0.00 

02- 0.00 
02+0.00 



0.69] 



0. 
+0. 

0.08;°; 
0.54;°; 

0. 



0.07; 



+0, 



04-0.02 
05+0.03 
01-0.00 
01+0.01 
03-0.00 
04+0.01 
01-0.00 
01+0.00 



A, 
A 

A. 
A 



DsK* 


DsK* 
2 

Ds4> 


Ds4> 
2 



0.61 
0.46 
0.72 
0.59 



0. 
+0. 
+0. 
0. 
0. 
+0. 
+0. 



0.01 
0.01 
0.00 
-0.00 



aBuj 
^0 

aBw 
^2 

aBD* 
^0 



-0, 



01+0.00 
01-0.00 
00-0.00 
00+0.00 



0.90 
0.90 
0.92 
0.90 



+0. 

0. 
+0. 
0. 
0. 
0. 
0. 
0. 



01+0.01 
01+0.02 
01-0.01 
01+0.01 
00+0.00 
00-0.00 
00-0.00 
00+0.00 



0.87 
0.43] 



-0. 
+0. 

0. 
'+0. 

0.62;°; 
0.38;°; 



04-0.03 
05+0.01 

02- 0.02 
02+0.02 

03- 0.00 
04+0.01 
02-0.00 
02+0.00 



V'^P 0.29 



Bp 

1 



A 

yBiV 

Af^ 
yBK' 

j^BK' 

yBD' 

j^BD* 



-0, 
-0, 
+0, 



0.24 
0.27i[J 

0.23l[! 

~o 

+0 



0.36 



0.311° 
0.77;° 



0.65 



+0 



00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.00 
00-0.00 
00+0.00 
00-0.00 
00+0.01 
00-0.01 
00+0.00 
00-0.00 
01+0.02 
00-0.03 
00+0.02 
00-0.02 



1.77] 



0. 
0. 

0.86;°; 

i-8i;!l: 

0.9i;°; 
1.69;°; 



0.84 



1.25;°; 



0.60 



+0, 



03-0.01 
03+0.01 
03-0.01 
03+0.01 
03-0.01 
03+0.01 
03-0.01 
03+0.01 
03-0.01 
03+0.01 
03-0.01 
03+0.01 
02-0.03 
02+0.02 
01-0.03 
01+0.02 



0. 
0. 

0.15;°; 
i-i8;g; 

-0. 
+0. 
-0. 
+0. 
-0. 
+0. 

0.38;°; 



1.06] 



0.18 
0.95 
0.12 



0.00 



06- 0.03 
07+0.03 
02-0.01 
02+0.01 

07- 0.02 
08+0.02 
02-0.01 
02+0.01 
06-0.02 
06+0.02 
02-0.01 
02+0.01 
02-0.03 
02+0.03 
00-0.01 
01+0.01 



-0. 
-0. 
+0. 



0.32; 
0.22 



0.28+[] 

0.38lj] 
0.28l[] 
0.68;°; 

-0, 
-0 



0.61 



00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.04 
00-0.04 
00-0.01 
00-0.00 



1.67 
1.56 



-0. 
+0. 
-0. 
+0. 



1.62+°; 



1.62 
1.61 
1.53 



1 21"° 



1.12 



+0, 



03-0.01 
03+0.03 

02- 0.02 
02+0.02 
05+0.07 
11+0.09 

03- 0.01 
03+0.01 
03-0.01 
03+0.01 
02-0.01 
02+0.01 
02-0.03 
02+0.02 
01-0.05 
01+0.04 



0. 
0. 

0.85;°; 

0. 
0. 
0. 
+0. 

-0. 
+0. 
-0. 
+0. 

0.36;°; 



i.or 



1.22] 
0.97; 
0.89 
0.79 



0.31 



+0 



04- 0.02 

05- 0.02 

05- 0.03 
05+0.03 
15-0.11 

03- 0.08 

06- 0.03 
06+0.02 

04- 0.02 
05+0.02 
04-0.02 
05+0.02 
02-0.03 
02+0.03 
01-0.04 
01+0.04 



yBsK* 

BsK* 
1 

yBs<t> 
Bs<P 



A 



0.19 
0.29 



A^ 

yBsDi 

BsDl 



A 



0-23lo; 

+0, 
-0. 
+0, 

0.251°; 
0.75;°; 
0.62l°; 



00+0.01 
00-0.01 
00+0.00 
00-0.01 
00+0.00 

00- 0.00 
00+0.00 

01- 0.00 
00+0.03 
00-0.04 
00+0.02 
00-0.03 



2.03 
1.24 
1.95 
1.20 



1.37] 



0, 
+0, 

0.76;°; 



04- 0.01 
04+0.01 

05- 0.02 
05+0.02 

04- 0.00 
04+0.00 

05- 0.01 
05+0.01 
03-0.05 
03+0.04 
03-0.05 
03+0.05 



0. 
+0. 

0.62;°; 

-0. 
+0. 
-0. 
+0. 
-0. 
+0. 
-0. 
+0. 



2.27] 



1. 

0.54 
0.67; 
0.13 



20-0.07 
22+0.08 
07-0.03 
09+0.03 
17-0.02 
19+0.02 
06-0.01 
07+0.01 
05-0.08 
05+0.10 
02-0.03 
02+0.04 



A, 
A 

A^ 
A. 

A^ 
A 



BsK* 


BsK* 
2 

Bs(t> 


Bs4> 
2 

BsDt 


BsDt 
2 



+0. 
0. 
0. 
0. 
+0. 

0. 
+0. 
0. 
0. 
0. 



0.571° 



0.25 
0.16 
0.31 
0.22 
0.66 



00+0.01 
00-0.01 
00+0.00 
00-0.00 
00+0.00 

00- 0.00 
00+0.00 

01- 0.00 
00+0.04 
00-0.05 
00+0.00 
00-0.01 



1.95 
1.83 
1.87 



+0, 

i-79;[]; 

1.33;°; 
1.25;°; 



04-0.01 
04+0.01 
04-0.02 
04+0.02 

02- 0.00 
04+0.00 
04-0.00 
04+0.00 

03- 0.04 
03+0.04 
02-0.07 
02+0.07 



2.20 
1.85 
1.87 
1.67 
0.63 
0.56 



16-0.07 
18+0.08 
15-0.07 
17+0.08 
31-0.02 
16+0.02 
13-0.02 
15+0.02 
04-0.08 
05+0.10 
04-0.09 
04+0.11 
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where as all the bottom meson form factors lie 0.25 to 0.30, and thus are roughly half of the 
charmed meson form factors. Particularly, we note the following patterns: F^^^o = p^°-o — 

pBfo,^ pBsfos ^ pBD* ^ pBK*^ pDsfos ~ pDao ^ pDfo, ^ ^J^gj-e fog = {uU + dd)/V2, 

and /os is a pure (ss) state. Here too, the slope parameters show considerable differences 
among for the related form factors. 

Both of the form factors -F/'if (0) decrease (increase) with increasing (decreasing) (3 for initial 
meson, whereas they increase (decrease) with increasing (decreasing) /? for final meson. 

The slope parameters b for both the form factors Fi'q , and a for Ff^ are found to be positive. 
For -F(f form factor, a turns out to be negative when charmed mesons appear in either initial 
or final state. 

For the bottom sector, the slope parameters are larger than that for the charm sector. The 
parameter b is generally much small (< 0.1) for Fq^{0), except for ^^^"^•^('^ ) ^nd Fq^*^ 
for which b could be as big as 0.45. 

For transitions of the charmed mesons, the slope parameters for the form factor F^^ are 
more sensitive to change in /3 for each of the initial and final mesons. However, these are less 
sensitive for F^^ . 

Slope parameters (except for the case of negative a) show an increase (decrease) with decrease 
(increase) in /3 for each of the initial and final mesons. 

No significant change is found in the form factors, though a and b are slightly lowered that 
their values obtained in the earlier work Based on the light-cone sum rules, Chernyak [4^ 
has estimated the (0) =0.46, while our result is 0.25 and is similar to the S — t- vr 

form factor at = 0. 

On comparison of the P ^ S and P ^ P form factors, we notice F^^^ < F^^^ for the 
same flavor content of the final state mesons. For the bottom sector, F^^" < F^^ and 
F^'^so < F^"^" , for heavy-to-heavy transitions, while F^""^ pB-^P for heavy-to-light 
transitions. It has been panted out before Q that the suppression of the B ^ Dq form 
factor relative to that of i? — t- D is supported by experiment. 

An inspection of Table IVTl indicates that similar to the P — t- P transitions, the form factors 
Fq'^ generally show a monopole behavior, and Ff'^ have a dipole behavior particularly for 
charmed meson transitions. In general, form factors for P — t- S transitions increase slowly 
with q'^ compared to that for P ^ P ones. 



P(O-) A{1+ : ^Pi) Form Factors 

In Tables IVIII and IIXI we have given heavy-to-light form factors involving axial vector nonet 
mesons, whereas heavy to heavy form factors are separately presented in Table |X]with the 
final state charmed mesons being taken as the heavy quark spin basis. 
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From Table IVTll all the form factors are found to be positive for the bottom as well as charm 
sectors. We also notice the following pattern: V^^ > Vff"^ > A^^ > V^"^ for the charmed 
mesons and V^^ > A^^ > ¥2"^ > Vq'^ for the bottom mesons. 



Nmnerically speaking, the form factor A^'^{0) for the bottom transitions is generally around 
0.25, and it is larger than that for charmed meson transition for which it lies close 0.16. 
Similar behavior is observed for V2^'^(0), which is < 0.1 for the charm sector, where as it lies 
around 0.2 for the bottom transitions. In contrast, the form factor y^^^(O), lying around 0.4 
for the bottom sector, is significantly smaller than that for the charm sector, where its value 
lies between 1.4 to 1.8. Also Vo^^(O) for the bottom transitions is roughly half of its value 
for charmed meson transitions. 

The form factors are not very sensitive to the variation chosen for the f3 parameters. However, 
they generally tend to decrease (increase) with increasing (decreasing) /3 for initial meson, 
whereas they increase (decrease) with increasing (decreasing) /3 for final meson. 

All the slope parameters, except for Vi"^ and V2'^ for the charmed meson transitions, are 
found to be positive as per the definition given in Eq. ()4.15p . For the bottom sector, the 
slope parameters are significantly larger than that for the charm sector. 

Slope parameters a and b for A^^, and Vi'^ are generally less sensitive to (3 variation, but 
for Vq"^ and V'f^ they could show more sensitivity (even up to 20%) to change in /3 values. 



• Generally no large change occurs in the form factors obtained in the earlier work [1|], though 
slope parameters often show some changes.^ This could happen since we now perform 5-point 



TABLE VI: Form factors of P(0 ) — )■ 5'(0''") transitions obtained in the covariant light-front model 
are fitted to the 3-parameter form Eq. ()4.15p . All the form factors are dimensionless. 



F(0) 



a 



F(0) 



a 



^1 



0.51 
0.51 
0.47 



-0.01+0.01 
+0.01-0.02 

-0.01+0.03 
+0.01-0.04 
0.01+0.02 
0.01-0.02 



1.06: 



-0, 
-'+0. 

-0, 



0.94 



+0 



02-0.02 
01+0.01 

02-0.04 
01+0.03 
02-0.01 
02+0.01 



0.24: 



-0. 
"•+0. 

0.24;«; 

-0. 



0.19 



+0 



02-0.02 
02+0.02 

02-0.04 
02+0.04 
02-0.01 
02+0.02 



■^0 
^0 

^0 



0.51 
0.51 
0.47 



01+0.02 
01-0.02 

01+0.04 
.01-0.05 
01+0.02 
01-0.03 



-0.04 
-0.04 
-0.31 



+0.07-0.06 
0.06+0.07 
+0.07-0.13 
0.06+0.19 
+0.04-0.04 
-0.04+0.05 



0.02: 



-0. 
"+0. 

0.02;«; 
-0. 



0.08 



+0 



02+0.01 
02-0.02 

02+0.03 
02-0.04 
01+0.01 
01-0.01 



0.55 
0.52 



01+0.02 

01-0.03 
01+0.01 
01-0.01 



1.02; 



-0 
"+0. 



01-0.01 
00+0.01 
01-0.00 
01+0.00 



0.38 
0.29 



02-0.04 
02+0.06 
02-0.01 
02+0.01 



^0 



0.55 
0.52 



01+0.02 

01-0.03 
01+0.01 
01-0.01 



-0.04 
-0.34 



+0.02-0.05 
0.02+0.07 
+0.01-0.01 
-0.01+0.01 



o.o5;«: 



01+0.01 
01-0.01 
01+0.00 
01-0.00 



paao 

-^1 



pBn; 



pBsfos 
^BsD', 



0.25 
0.25 
0.27 
0.27 



,00+0.01 
00-0.01 

,00+0.03 

00- 0.03 
,01+0.01 

01- 0.02 
,01+0.03 
01-0.03 



1.53T 



-0 
-"+0. 

1.53-° 



03-0.01 
03+0.01 
03-0.03 
03+0.03 

03- 0.01 
03+0.01 
04+0.03 

04- 0.07 



0.64;0; 
0.64;« 



0.52: 



-0 
'+0, 



04-0.04 
05+0.04 
04-0.08 
05+0.11 
04-0.03 
04+0.04 
02-0.00 
02+0.00 



„Bao 
^0 

^0 

f^o 

^BD* 







- 



0.25 
0.25 
0.27 
0.27 



-^0 

pBsfOs 

^BsD', 



00+0.01 
00-0.01 
00+0.03 

00- 0.03 
01+0.01 

01- 0.02 
01+0.03 
01-0.03 



0.54 
0.54 
0.32 



0.01-0.03 
+0.01+0.03 
0.01-0.06 
+0.01+0.07 
0.01-0.02 
+0.01+0.03 



-0.48' 



+0.02-0.03 
-0.02+0.01 



-0, 
'+0, 
-0, 
"+0, 
-0 
^+0, 



0.01^ 
0.01^ 

0.05: 



01-0.00 
02+0.00 
01-0.00 
02+0.01 
01+0.00 
01+0.00 

03+0.03 
03-0.03 



0.25 

0.28 
0.30 



00+0.02 
00-0.02 
00+0.01 
00-0.01 

02+0.03 
02-0.03 



1.75 
1.64 
1.18 



04-0.04 
04+0.05 
04-0.01 
04+0.01 
06+0.01 
06-0.04 



1.33; 
1.07; 

0.51 



12-0.12 
14+0.18 
10-0.04 
11+0.04 
05-0.05 
06+0.05 



0.25;^ 

0.28;° 



0.30 



+0 



.00+0.02 

,00-0.02 
.00+0.01 
,00-0.01 

.02+0.03 
02-0.04 



0.74 
0.52 
-0.47 



0.03-0.06 
+0.03+0.07 
0.03-0.02 
+0.03+0.02 
0.01-0.02 
+0.01+0.01 



0.24 
0.20 
0.45 



04-0.03 
04+0.05 
03-0.01 
03+0.01 
02+0.01 
02+0.00 



s Form factor A-^^it'^i) (0) 0.98 given in the earlier [l[ is erroneous, and should be replaced with 0.15. 
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fit for (f' values. We find that the form factors Vq'^ for B 
increased to 0.14. 



ai transition has marginally 



There are several existing model calculations for B ^ A form factors: the ISGW2 model ll[ 



the constituent quark-meson model (CQM) [65[, the QCD sum rules (QSR) |66|], li ght cone 
sum rules (LCSR) [67|, and more recently the perturbative QCD (pQCD) approach [6j]. For 
the sake of comparison, results for B ^ ai transition form factors are given in Table IVIIII 
for these approaches, which show quite significant differences since these approaches differ 
in their treatment of dynamics of form factors. For example, V^'^^ = 1.20, obtained in the 
quark-meson model and 1.01 in the ISGW2 model, are larger than the values obtained in 
other approaches. If ai(1260) behaves as the scalar partner of the p meson, V^""^ is expected 
to be similar to A^^ , which is of order 0.3 at = 0. Therefore, it appears to us that 
a magnitude of order unity for Vq^"^ as predicted by the ISGW2 model and CQM is very 



unlikely. In principle, the experimental measurements of B 



the form factors Vr 



Bai 







The BaBar and Belle measurements 



68 



Oivr^ will enable us to test 
69 1 of B^ — )• a^TT^ favors a 



value of Vg^'^'lO) ^ 0.30 |7o|, which is very close the LCSR result shown in Table EUll 



TABLE VII: Form factors of P(0 ) — ?• ^(1"''"'") transitions obtained in the covariant light-front 
model are fitted to the 3-parameter form Eq. (|4.15p . All the form factors are dimensionless. 



F(0) 



a 



F(0) 



a 



yOax 



DKiA 



0.19-° 
1.51-° 
0.18-° 
1.75-° 
0.15-° 



01+0.00 
.01-0.01 
04+0.00 

04- 0.01 
01+0.01 
01-0.01 

05- 0.00 
.04-0.02 

01+0.01 
.01-0.01 
.05-0.02 

05+0.01 



1.03 
-0.06 

1.03 
-0.02 

0.89 
-0.22 



0.03-0.01 
+0.02+0.00 
0.01-0.02 
+0.01+0.02 
0.03-0.02 
+0.02+0.00 
0.01-0.05 
+0.01+0.06 
0.03+0.00 
+0.03-0.01 
0.00-0.03 
+0.00+0.03 



0.16;°: 
o.04;0 
0.16;°: 
0.04;° 

0-12;;!: 

0-07+a 



02-0.01 
02+0.01 
00+0.00 
00-0.00 
02-0.02 
02+0.03 
00+0.01 
00-0.00 
02-0.01 
02+0.01 
00+0.00 
00-0.00 



•^0 
^0 

_12 



0.32;° 

0.05;° 

0.34;° 

0.05;° 

0.28;° 



.00-0.00 

00- 0.00 
01+0.00 

01- 0.00 
00-0.00 

00- 0.00 
01+0.00 

01- 0.00 
.00-0.00 
00+0.00 
00+0.00 
00-0.00 



0.96 
-0.02 

0.97; 
-0.02 

0.84 
-0.83 



0.01-0.01 
+0.00+0.00 
0.08-0.00 
+0.07+0.00 
0.02-0.01 
+0.01-0.00 
0.08-0.01 
+0.07+0.01 
0.02-0.01 
+0.01-0.01 
0.17+0.02 
+0.15-0.03 



0.43:; 

0.12"* 



-0. 
"+0. 
,+0. 
-0. 

0.39;°: 

,+0. 
-0. 

0.39"°' 



0.24 



0.12"' 



'+0, 
+0, 



06+0.01 
07-0.01 
00-0.01 
00+0.01 
05+0.03 
06+0.00 
00-0.01 
00+0.02 
05+0.04 
06-0.03 
04-0.01 
03+0.01 



AD, 



■D,KiA 



V, 



Dsfls 



0.19 



-0, 
+0. 

1.68;°: 

o-i7;S: 

1 47"°' 
^•^'+0 



01+0.01 
01-0.01 
03-0.01 
03+0.00 
01+0.00 
01-0.00 
03-0.01 
03+0.01 



0.99 
-0.04 

0.86 
-0.29 



0.01-0.01 
+0.01+0.01 
0.01-0.04 
+0.01+0.05 
0.02-0.00 
+0.02-0.00 
0.01-0.01 
+0.01+0.01 



0.28 



"+0, 

0.06;° 



0.20 



■'+0, 
0-09+a 



02-0.03 
02+0.04 
00+0.00 
00-0.00 
02-0.01 
02+0.01 
00+0.00 
00-0.00 







^D^KiA 
2 



0.29 
0.07. 
0.22 
0.03 



00-0.00 
00+0.00 
00-0.00 
00-0.00 
00-0.00 
00+0.00 
00+0.00 
00-0.00 



0.72 
0.22 



-0.05-0.09 
-0.06+0.07 
-0.03-0.01 
'+0. 03+0. 02 
n iq+0.13-0.13 
"■^=^-0.17+0.10 

_n 04-0.05+0.00 

"••^^+0.05-0.00 



0.87;° 

0.15;°: 
i-2o;g, 

0.17tg 



1 11"°- 
^•^^+0. 

0.44;°: 

1-07;!]: 
0.44;°: 
1.00;°: 
o-36;g: 



09+0.08 
10-0.05 
01-0.01 
01+0.02 
15+0.11 
18-0.09 
00-0.00 
00+0.00 



Bai 



BKiA 



0.24;°: 

0.36;°: 
0.24;g: 

0.37;°: 
0.27;°: 

0-39+0 



01+0.01 

01-0.01 
01+0.01 
01-0.01 
01+0.02 

01-0.03 
01+0.03 
01-0.03 
01+0.01 
01-0.02 
01+0.01 
01-0.02 



1.48^ 



-0.' 



-'+0, 

0.26;° 

1-48;^, 

0-27;^, 
1.39;° 

0-07+g, 



03-0.01 
03+0.01 

02- 0.02 
02+0.03 

03- 0.03 
03+0.03 
02-0.05 
02+0.06 

04- 0.01 
04+0.00 
02-0.02 
02+0.02 



0.57 
0.14 
0.57 
0.13 
0.47 
0.19 



04-0.03 
05+0.04 
01-0.00 
01+0.01 
04-0.08 
05+0.10 
01-0.01 
01+0.02 
04-0.03 
04+0.04 
00-0.00 
00+0.01 



^2 
^0 

^2 

BKtA 




Vr 



V 



BKiA 



1+0 
-0 

0.17;° 

1+0 
-0 
-0 
'+0 
,+0 
-0 
-0 



0.14^ 



0.14: 

0.17:; 
0.16^ 



0.17 



±0 



01+0.01 
,01-0.01 
,01+0.01 
,01-0.01 
01+0.01 
,01-0.02 
01+0.01 
,01-0.02 
01+0.01 
,01-0.01 
,01+0.01 
,01-0.01 



1.66 



-0.' 



^+0, 

1.08;° 
1.65;° 
1.08;° 
1.55;° 
o-84;g. 



04- 0.01 
04+0.01 

05- 0.02 
05+0.02 

04- 0.02 
04+0.02 

05- 0.04 
05+0.05 
03+0.01 
04-0.01 

06- 0.01 
06+0.01 



08-0.03 
09+0.02 
03-0.03 
09+0.04 
08-0.06 
09+0.09 
03-0.07 
03+0.09 
10-0.02 
09+0.03 
02-0.03 
02+0.04 



ABsKia 
yBsKiA 
ABsfl. 



V 



Bsfls 



0.24 
0.37 
0.28 
0.41 



00+0.02 
00-0.02 
00+0.02 

00- 0.03 
01+0.01 

01- 0.01 
01+0.01 
01-0.01 



-0. 
-0. 

1.59;°: 

-0. 



1.70:; 
0.53: 



0.29 



+0, 



05-0.04 
05+0.05 

04- 0.06 
04+0.07 

05- 0.01 
05+0.01 
04-0.02 
04+0.02 



1.22: 

0.29: 
0.99: 
0.29 



12-0.12 

13+0.17 
03-0.03 
03+0.04 
10-0.03 
11+0.04 
02-0.01 
02+0.01 



,.BsKiA 

^/BsKiA 
^2 

yB.f.. 
,rBsSls 



0.12 
0.17 
0.13 
0.18 



01+0.01 
,01-0.01 
,00+0.01 
,00-0.01 
01+0.00 
,01-0.00 
,01+0.00 
,01-0.00 



0. 

i-4o;S: 
1-79;^: 
i-is;;;: 



05- 0.02 
06+0.03 
07-0.04 
07+0.05 

06- 0.00 
05+0.00 

07- 0.01 
07+0.01 



2.06 
0.97 
2.00 
0.74 



25-0. 

30+0.13 

10-0.10 

12+0.15 

25-0.01 

33+0.02 

07-0.03 

08+0.03 
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E. P(O-) : ^Pi) Form Factors 

• From Table IIXI we find that the form factors, ^^^(0), T/o^^(0) and Vf^{0), are positive, 
where as V2^'^(0) is negative and small (around -0.1) for the bottom as well as charm sector, 
and follow the pattern: Vi'^ > Vq'^ > A^^ > |V2^"^| for the charmed mesons and Vq'^ > 
Vf"^ > A^"^ > 1^2^^! for the bottom mesons. Numerically, form factors A^'^{0) is generally 
around 0.1, where as Vo^'^(O) lies close to 0.5 for all the cases. The form factor ^^^"^(0), lying 
between 0.15 to 0.20, for the bottom sector is significantly smaller than that for the charm 
sector, where its value lies between 1.3 to 1.6. 

• The form factors Aq^(0) and Vi'^{0) usually increase (decrease) with increasing (decreasing) 
beta for initial meson as well as for final meson. 

• The form factors Vo^^(O) and V3^'^(0) decrease (increase) in magnitude with increasing (de- 
creasing) /3 for initial meson, and show the opposite trend for final mesons, i.e., these increase 
(decrease) with increasing (decreasing) /3 for the final state. 

• All the slope parameters are found to be positive. For the bottom sector, the slope parameters 
are larger than that for the charm sector. 

• Slope parameters a and b for A^"^, Vq'^, and Vi"^ are less sensitive (a few %) to the variation 
in the /? values. For V-f^ form factor, the slope parameters show huge sensitivity to the 
change in beta values, even with assuming behavior given by Eq. (j4.15p . However, these 
are less sensitive for B — >• bi/hiq cases. 

• No significant change is found in the form factors obtained in the earlier work [l|, however, 
the slope parameters show difference. 

• While comparing the form factors of heavy-to- light spin 1 meson transitions, we notice the 
following relations for the same flavor content of the mesons: 

A^^{i++)(0) > A^^(i+-)(0) , 

^PA{i++)^Q^ > V^^^^^^~\0). But for Vff^iO) form factors, we find Vq^^^^^^\o) < 
)^Q^ V2^'^(0) form factors, we observe opposite behavior for the charmed and 
bottom mesons, i.e., \V,''''''^^'^'^^\o)\ < |vf '""^"^^'''"^(O)!, whereas |y/'^^^^(^^^)(0)| > 



TABLE VIII: Form factors of — t- oi transitions at maximum recoil (g^ = 0). The results of CQM 
and QSR have been rescaled according to the form factor definition in Eq. (|4.9p 



B ^ ai 


This work 


ISGW2 [nj 


CQM [65] 


QSR [661 


LCSR [63 


pQCD [64] 


A 
Vo 
Vi 
Va 


r, r,.-0.()l + 0.()l 

^■^^+0.01-0.01 
1 .+0.01+0.01 
"■^*-0.01-0.01 
„ oc-0.01+0.01 
^•'-'"+0.01-0.01 

n 1 7-0.01+0.01 
^•^'+0.01-0.01 


0.21 
1.01 
0.54 
-0.05 


0.09 
1.20 
1.32 
0.34 


0.41 ±0.06 
0.23 ±0.05 
0.68 ±0.08 
0.33 ±0.03 


0.48 ± 0.09 
0.30 ±0.05 
0.37 ±0.07 
0.42 ± 0.08 


r, r,f. + 0. 06 + 0. 00+ 0. 03 
'^■^°-0. 05-0. 01-0. 03 
r, n^+0. 07+0. 01 + 0. 08 
""^^-0.07-0.02-0.08 
r, .0+0.10+0.01+0.05 
"■^■^-0.09-0.01-0.05 
1 0+0. 03+0. 00+0. 00 
'J^-'- '^-0.03-0. 01-0. 00 
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• While comparing the form factors of heavy-to-hght vector and axial-vector mesons, we notice 
the following patterns: V^^ (0) > ^^^(^"^^^(O) for the same flavor content of the mesons; 
V^^^^^'\0) > Af^(O) for charmed mesons and ^f^(O) > V^^^'^^'\o) for the bottom 
mesons. But for Vff^{0) form factors, we find ^^^^ ^(0) < A^^(O) for charmed mesons 
and ^^^^^^(0) < ^^^(0) < Vo^^^^^~^(0) for the bottom mesons. We also observe that 
A^^iO) is higher than both ^/'•^^^^(^^^^(O) as weh as |y2^'^^^^('^"^(0)|. 



F. B{0-)-^ D^/^, L>3/2 Form Factors 

• Prom Tables IXj we notice that most of the form factors are small and lie between 0.1 to 0.25, 
except Vo(0) and Vi(0) for the transitions emitting states, for which these lie between 
0.5 to 0.6. In contrast with these, B,Bs — s- D,Ds form factors carry the highest values 
between 0.6 to 0.8. 

• Slope parameters carry positive values except a for Vi form factor. However, these parameters 
controlling behavior for V2 form factor for transitions emitting P^^"^ states remains difficult 
to control in spite of choosing the q'^ dependence given in Eq. ()4.15p . 

• Reverse changes occur in the form factors due to the variation in /3 values for initial and final 
mesons. Increase in /3 for initial (final) state meson tend to decrease (increase) the magnitude 



TABLE IX: Form factors of P{0 ) — t- ^(1"^ ) transitions obtained in the covariant light-front 
model are fitted to the 3-parameter form Eq. (|4.15p . All the form factors are dimensionless. 



F(0) 



a 



r, -,9 + 0.00 + 0.00 

"•^^ -0.00-0.02 
hO. 02+0. 03 
-0.02-0.04 
hO. 00+0. 00 
-0.00-0.01 
[-0.02+0.06 
-0.02-0.09 
hO. 00+0. 00 
-0.00-0.00 
hO. 02+0. 03 
-0.03-0.05 



a 





0.12 


yDb, 


1.39 


^Dhig 


0.11 




1.42 




0.10 




1.58 




0.10 



1.09 
0.44 
1.09 



0, 
+0, 
0, 
+0. 

0, 
+0, 

0.44;«; 

o.98;«: 



01-0.01 
01+0.01 

03-0.02 
03+0.02 
01-0.02 
01+0.01 
03-0.04 
03+0.04 

01- 0.01 
01+0.01 

02- 0.01 
02+0.02 



0.50; 

0.05: 



-0 
''+0 
-0 
^+0 

o.5o;g 

0.05;0 
0.37;g 



04-0.04 
04+0.04 
,01-0.00 
01+0.01 
,04-0.08 
04+0.10 
,01-0.01 
01+0.02 
,03-0.03 
03+0.04 
,00-0.00 
00+0.01 



0.50; 



2 

DK,f 



-0.01+0.02 
■^+0.01-0.02 

_n in+0'02-o.oi 

"■^"-0.02+0.01 
49-0.01+0.04 
'^•*''+0.01-0.05 
— n 1 0+002-0. 02 

'^■^"-0.01+0.03 

r, .0-0.01+0.02 

"•^"+0.01-0.03 

_n 1 Q+0.01-0.01 

"-^'-' -0.01+0.01 



0.98: 
0.26; 
0.98 

0-26;o. 
0.94;0 



+0, 



0.57 



±0. 



02-0.01 
02-0.00 

64+0.13 
28-0.23 
02-0.03 
02-0.02 
64+0.24 
28-0.79 
02-0.02 
01+0.01 
06-0.01 
04-0.01 



0.26; 
0.90"* 



-0, 
"+0 
^+0, 

0.26;g: 

r,+0, 

-0 



0.90"* 



0.22 
0.32lo 



00-0.02 

.00+0.03 
46-0.16 
.23+0.23 
00-0.06 
00+0.06 
46-0.33 
.23+0.69 
00-0.03 
.00+0.03 
05-0.04 
03+0.06 



■D,KiB 



1 



0, 


+0, 
0, 
+0, 

1.431°: 



1.50 
0.10 



00+0.00 

00- 0.00 

01+0.05 

01- 0.07 
00+0.00 

00- 0.00 
01+0.02 

01- 0.02 



0.97: 
0.59 
0.93 
0.46 



01+0.02 

01- 0.16 

02- 0.02 
02+0.03 
00-0.00 
00-0.00 
02-0.01 
02+0.01 



0.71 
0.10. 
0.51 
0.07 



04-0.08 
03+0.19 
01-0.01 
01+0.02 
03-0.02 
03+0.02 
01-0.00 
01+0.00 



DsKiB 







) 



-0.01+0.03 
fO. 01-0. 04 
,+0. 01-0. 01 
-0.01+0.01 
-0.01+0.01 
1-0.01-0.01 

_n 1 7+0.01-0.00 

^•^' -0.01+0.00 



0.51; 

-0.12^ 
0.57: 



0.01+0.00 

+0.01-0.03 
0.02-0.02 
^+0.01+0.01 

gg-o.oi+o.oo 



0.91 
0.68 



0.55 



+0.01- 
0.02- 



0.00 
0.01 



+0.01+0.01 



n 4c:-o.oo-o.07 
'^■^'^+0.00+0.10 

^ oc+O.Ol-0.05 
'-'■■'"-0.01+0.08 
p 07+0.00-0.02 
"J--" -0.00+0.03 

r. r,r|-0.01-0.01 

"■^"+0.00+0.01 



yBb, 



0.11 
0.19 
0.10 

0.19 
0.12 
0.21 



00+0.00 

00- 0.01 
01+0.01 

01- 0.01 
00+0.01 

00- 0.01 
01+0.02 

01- 0.02 
00+0.01 

00- 0.01 
01+0.01 

01- 0.01 



0, 

0.99;°: 
l.89;g; 

0, 
+0, 

-0, 
+0, 

0, 



0.99: 

1 



0.83 



+0 



03-0.03 
03+0.03 
03-0.03 
03+0.04 
03-0.07 
03+0.07 
03-0.08 
03+0.08 
03-0.03 
03+0.04 
03-0.03 
03+0.04 



-0 

■-+0 

-0 
'+0 
-0 
^+0 

0.29;° 

i.27;0 

-0 
hO 



1.51; 
0.29; 
1.51: 



0.22: 



,08-0.09 
09+0.10 
,03-0.03 
03+0.03 
,08-0.20 
09+0.25 
,03-0.06 
03+0.09 
,07-0.08 
07+0.11 
02-0.02 
02+0.03 



yBb, 
yBb, 

Bhig 
yBH,, 

■^0 

^/BKiB 
^2 



-0.01+0.03 
^+0.01-0.03 
1-0.01-0.01 
-0.01+0.00 
r, 07-0.01+0.07 
"""+0.01-0.06 

rj + O.Ol-O.Ol 

-0.01+0.01 
-0.01+0.04 
^+0.01-0.04 
-+0.01-0.01 
-0.01+0.01 



0.38: 



-0.02^ 



-0.02: 
0.45; 
-0.05^ 



1.38; 
1.11 
1.37: 
1.11 
1.37: 
1.74 



0.03+0.00 
+0.03-0.01 
20.4+0.33 
+0.75-0.75 
0.03-0.00 
+0.03-0.03 
20.4+0.53 
+0.75-3.74 
0.03-0.00 
+0.03-0.01 
0.08-0.03 
0.00+0.02 



-0.02-0.04 
-■+0.03+0.04 
7 7f,+59.7-1.82 
' ■ '"-4.34+3.28 
-0.02-0.08 
"+0.03+0.11 
K+59.7-3.38 
-4.35+13.7 
-0.02-0.04 
""+0. 02+0. 05 
-1.09-0.23 



0.63: 



0.62^ 
7.76j 

0.54: 



2.17" 



0.53+0.31 



ABsKib 
yBsKiB 



0.08 
0.15 
0.09 
0.17 



00+0.01 

00- 0.01 
01+0.01 

01- 0.02 
00+0.00 

00- 0.00 
01+0.00 

01- 0.00 



2.06 
1.34 
1.95 
1.16 



04- 0.04 
03+0.05 

05- 0.06 
05+0.07 

04- 0.01 
04+0.01 

05- 0.02 
05+0.02 



2.57 
0.76. 
2.11 

0.56: 



20-0.23 
23+0.33 
,08-0.10 
10+0.14 
16-0.07 
18+0.07 
,06-0.03 
07+0.03 



,BsKii 


,BsKii 



B.h, 



Bshis 



-0.01+0.04 
^+0.01-0.05 
^+0.01-0.01 
-0.01+0.01 
o CI -0.01+0.02 
"•'-'^+0.01-0.02 
-,+0.01-0.00 
-0.01+0.00 



0.38; 
-0.06^ 
0.51;; 
-0.10^ 



1.64 
1.65 
1.60 

1.52 



0.04-0.03 
+0.04+0.04 
0.01-0.03 
+0.02+0.04 
0.03-0.01 
+0.03+0.01 
0.02-0.01 
+0.02+0.01 



1.25 
1.16 
1.05 
0.95 



-0.07-0.13 
+0.09+0.19 
0.02-0.09 
+0.06+0.13 
0.06-0.04 
+0.07+0.04 
-0.03-0.03 
-0.05+0.03 
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of the form factors, and 



Minor changes occur in B ^ D form factors from their previous values given in the earher 
work however, slope parameters show significant difference. 

To determine the physical form factors for B — )■ Di transitions, one may need the mixing 

: (5. 76 ±2.4)° is obtained by Belle 
7° is determined from the quark 



1/2 ^ 

angle between and D"^'^ states. A mixing angle 9di 
through a detailed B 
potential model [361]. 



.3/2 



D*TnT analysis [711 ] . while Odsi 



VI. SUMMARY AND CONCLUSIONS 



In this work, we have studied the decay constants and form factors of the ground-state s-wave 
and low-lying p-wme mesons within a covariant light-front (CLF) approach. In the previous work 
main ingredients of the CLF quark model were explicitly worked out for both s-wave and p-wave 
mesons. Besides that various form factors of the D and B mesons, appearing in their transitions 



1/2 3/2 

TABLE X: Form factors of — )• , transitions obtained in the covariant light-front model 
are fitted to the 3-parameter form Eq. (]4.15p. All the form factors are dimensionless. 


F 


m 


a 


h 


bdY' 


n 1 Q+o.oi-0.02 

'-'•-'-"J-O.Ol+0.02 

n 1 1 -0.01+0.03 

U--"- -'-+0.01-0.03 

n -1 Q+o.02-0.01 

-"-^-0.02+0.01 

n -1/1+0.02-0.02 
^•-'-^-0.02+0.02 


n oc;-0.09+0.10 
'-'•°"J+0.08-0.18 

1 ns-0-02-0.02 

-■-■^0+0.02-0.07 

-1 07-0.09-0.01 

-■-•"^'+0.08-0.00 

n 04-0.11+0.13 

^•°^+0.09-0.21 


n -19-0.01-0.01 
'-'•^^+0.02+0.03 

n na-O-03+0.02 

^•Uo+o.03-0.04 

-1 07+0.07+0.01 
^•"-"-0.06-0.01 

n -1 0-0.01-0.01 

"-'•^"^+0.02+0.04 


j^BDY' 

bd'Y 

^BD, 


n 9C-0.01+0.02 
'-'■^^+0.01-0.02 

n rr,-0.01+0.04 
^•"-•^+0.01-0.05 

n c;o-0.01+0.02 
^•'-•°+0.01-0.03 

n -in+0.01-0.02 

-"-^-0.01+0.04 


-1 -17-0.03+0.01 

^•^ '+0.03-0.03 

-1 -1/1-0.04+0.02 
-'-•-'-^+0.03-0.06 

r,r-0.01-0.03 

'-'•^^+0.01+0.02 

c- Qc;-2.07+3.80 
'J-y^+1.45-14.67 


n 00-0.02-0.01 

"-"•■-•"^+0.02+0.01 

n 0^-0.02-0.01 
^•'-'*+0.02+0.01 

n 9Q-0.00+0.01 
'-'•^y+o.oi-o.oi 

9fi 9+5.8-4.1 
^"-••^-11.5+41.0 


T/ ^1 

si 


n -1 7+0.02-0.02 
'-'•^'-0.02+0.02 

n -1 Q-0.01+0.03 

-'-'^+0.02-0.03 

n oc:+0.03-0.01 
^■^^-0.03+0.01 

n 1 7+0.02-0.02 
U--"- ' -0.02+0.02 


n Q7-0.10+0.06 
^•^' +0.10-0.10 

1 -1^-0.04-0.02 
-'-•-'-*+0.04-0.05 

-1 9n-O.lO-O.O6 
-■-•^U+0. 10+0.07 

n Qe-0.12+0.08 
^•^0+0.11-0.12 


n 07-0.05-0.04 

"-'•■-* '+0.06+0.05 

n 9Q-0.04-0.03 
'-'•^y+0.05+0.04 

-1 09+0-07+0.04 
-^^•^^-0.06-0.05 

n QQ-0.04-0.04 
'-'••jy+0.06+0.06 


A^^^si 

fj r)3/2 

yBsDT 

^ ^BD'^(^ 
^2 


n 9/,-0.01+0.02 
"-'•^^+0.01-0.02 

n 40-0.02+0.04 
'-'•^^+0.02-0.05 

n c;7-0.01+0.03 
"-'•'-''+0.01-0.04 

'-'•"-''^-0.01+0.03 


1 9(:-0.06+0.00 
-'-■'^0+0.06-0.02 

-1 9c:-0.06+0.01 
-'-^ ^^+0.05-0.04 

n 1 -1 -0.02-0.04 
"•-'-^+0.02+0.04 

A ns-1-86+2.63 
^•'-'°+l. 24-7.55 


n aa-om-om 

'-'•""+0.07+0.06 

n (50-0.05-0.06 
'-'•"•J+0.06+0.07 

n 09-0.01+0.00 

"-'•■-'^+0.01+0.01 

9-1 -1+5.3-8.3 
^-'-•-'--3.6+21.8 
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to isovector and isospinor s-wave and p-wave mesons, were calculated within the framework of the 
CLF model. In the present work, we have updated our results for these mesons, and extended 
the analysis to determine the form factors for Ds and Bg transitions, and also include the flavor- 
diagonal isoscalar final states. Calculating the decay constants of most of the s-wave mesons and a 
few axial vector mesons from the available experimental data for various weak or electromagnetic 
decays, we have fixed the shape parameter (3 of the respective mesons, which in turn determine the 
form factors. A few lattice results are also used for this purpose. Errors in the (3 parameters are 
fixed from the corresponding experimental errors, otherwise standard 10% uncertainty is assigned 
to investigate the effects of variation in the /3 parameter. We have then proceeded to obtain the form 
factors in the CLF quark model for heavy-to-heavy and heavy-to-light transitions of the charmed 
and bottom mesons to the pseudoscalar mesons, vector mesons, scalar mesons and axial vector 
mesons. The dependence of the form factors, generally assumed to be given by Eq. ()4.15p . is 
expressed through the slope parameters, a and h. Their sensitivity to the errors and the assigned 
uncertainties of the (3 parameters is investigated separately for the initial and the final mesons. 
Our main results are as follows: 

• For P — 7- P transitions, Bg form factors at = are similar to that of the B meson, as if 
the spectator quark does not seem to affect them. Particularly, we observe F^"^" = F^^, 
pBsK pB-K ^ gj^^ pBsTjs ~ pBr^q^ where rjq = {uu + dd)/^/2, and r]s is pure (ss) state. 
To lesser extant, the charmed mesons also show a similar trend through F^"^ = F^'^ and 
jpDsTis ~ F^^ . Heavy-to- light form factors of the bottom mesons are smaller (around 0.3) 
than that of the charmed mesons, which are around 0.7. The form factor F^'^ generally 
shows a monopole behavior, and F^^ acquires a dipole behavior. 

• For P ^ y transitions also, we find P^=-°-* ^ F^^* , F^-'t' ^ F^p ^ F^^, F^»<^ ^ F^^* 
and F^"^* ~ F^^ ~ F^'^, where F denotes any of the four form factors, V, Aq, A\ and 

at = 0. For the bottom mesons, heavy-to-light form factors are smaller (from 0.2 to 0.4) 
than their heavy-to-heavy ones, which lie between 0.6 to 1. Due to the reliability in fixing 
the /3 parameters for the s-wave mesons, the form factors at = hardly show sensitivity 
to the errors in the /3 values, though slope parameters (a and 5) generally tend to increase 
(decrease) with decrease (increase) in /3 for the initial meson as well as the final meson. 

• Comparing P — )■ P, y form factors obtained here with the results of other works, BSW model 



571], the Melikhov-Stech (MS) model ISO], QCD sum rule (QSR) |6l|], light-cone sum rules 
(LCSR) [62], lattice calculations [63|] and perturbative QCD approach [6J], it is found that 
our form factors agree well with the available lattice results, and are most close to that 
of the MS model, except for the B^ transitions. The LCSR and BSW model results are 
usually larger for P ^ V form factors for D and B transitions, whereas the QSR and pQCD 
calculations are generally lower than our results. 

For P — )■ S" transitions, we have calculated the form factors involving heavy scalar mesons 
only. These form factors, though are smaller than the corresponding P — )• P form factors, 
also satisfy F^'^o = p^'^o = pBfoq^ pBshs ~ pBD* ^ pBK* ^ pDsfos ^ pDao ^ pDfQq_ 
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All the bottom meson form factors, lying between 0.25 and 0.30, are roughly half of that of 
the charmed mesons, which are around 0.5-0.6. The suppression of the D^t:~ production 
relative to D^-k~ one clearly favors a smaller B — )• Dq form factor relative to the B ^ D one. 
The form factor Fq^ shows a monopole behavior, and F^^ has a dipole behavior in general. 
The P ^ S form factors are found to increase slowly with compared to the P ^ P ones. 
For the bottom sector, the slope parameters are larger in magnitude than that for the charm 
sector. These parameters (except for the case of negative a) show an increase (decrease) with 
decrease (increase) in (3 for each of the initial and final mesons. 

For heavy-to-light P — )• ^(l"*""*") transitions, the form factor ^^"^(0) for the bottom mesons, 
generally lying around 0.25, is larger than that for charmed meson transitions for which it 
lies close to 0.16. Similarly, the form factor V-^'^i^) is < 0.1 for the charm sector, where as it 
lies around 0.2 for the bottom transitions. In contrast, the form factor y/'^(0), lying around 
0.4 for the bottom sector is significantly smaller than that for the charm sector, where its 
value lies between 1.4 and 1.8. Also Vg^'^(O) for the bottom transitions is roughly half of its 
value for the charmed meson transitions. We also observe that V-^^ > Vq'^ > A^"^ > ¥-2^ 
for the charmed mesons and Vf^ > > Vi"^ > Vq^^ for the bottom mesons. All the 
slope parameters, except for V^^ and for the charmed meson transitions, are found to 
be positive, and for the bottom mesons, their values are significantly larger than that for the 
charm sector. 

For heavy-to-light transitions P — ^ ^(l+~), the form factors, A^^(O), Vo^^(O) and Vf'^{Q), 
are positive, where as V2^'^(0) is negative and small (around -0.1) for the bottom as well as 
the charmed sector. These follow the pattern: Vi"^ > Vq''^ > A^^ > |V2^'^| for the charmed 
mesons and Vff"^ > Vf^ > A^^ > |V2^'^| for the bottom mesons. Numerically, the form 
factor A^^(O) is generally around 0.1, where as Vq^'^(O) lies close to 0.5 for all the cases. Form 
factor V^'^iQ), lying between 0.15 to 0.20, for the bottom sector is significantly smaller than 
that for the charm sector, where its value lies between 1.3 to 1.6. Typically for the heavy- 
to-light P — )• A(l~' ) transitions, the form factors A^^{Q) and Vi'^{^) usually increase 
(decrease) with increasing (decreasing) beta for initial meson as well as for final meson. 
Both Vo^'^(O) and V2^'^(0) form factors decrease (increase) in magnitude with increasing 
(decreasing) j3 for the initial mesons, and show the opposite trend for the final mesons. For 
the bottom sector, the slope parameters are found to be larger than that for the charm sector. 

1 /2 3 /2 

For B — ^ /D-^ transitions, all the form factors lie between 0.1 to 0.2, except for Vo(0) 
and Vi{Q) for the transitions emitting P-^ states, for which these lie between 0.5 to 0.6. Slope 
parameters carry positive values, except a for the Vi form factor. Reverse changes occur in 
the form factors due to variation in /? values for initial and final mesons, i.e., increase in (3 for 
the initial (final) state meson tend to decrease (increase) the magnitude of the form factors. 

Now several model calculations for B ^ A form factors are available: the ISGW2 model 



ll|, the constituent quark-meson model (CQM) [65|, the QCD sum rules (QSR) [66|], light 



cone sum rules (LCSR) [67[, and the perturbative QCD (pQCD) approach [6j]. Significant 
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differences are observed, since tfiese approaches differ in their treatment of dynamics of the 
form factors. For instance, V^f''^ = 1.20, obtained in the CQM model, and 1.01 in the ISGW2 
model, is much larger than its values obtained in other approaches. The BaBar and Belle 
measurements |6£ 



|69|] of — )• afn^ seem to favor a value of Vq^"^ ^ 0.30 

earlier pointed out [l| that relativistic effects could manifest in heavy-to-light transitions at 
maximum recoil where the final-state meson can be highly relativistic, which can naturally 
be considered in the CLF model. Various form factors, calculated using the CLF model, have 
earlier been used to study weak hadronic and radiative decays of the bottom mesons emitting 
p-wave mesons 0, [s^ , and a good agreement between theory and available experimental data 
could be obtained. It has been pointed out in the previous work [l| that the requirement of 
HQS is also satisfied for the decay constants and the form factors obtained in the CLF quark 
model. Particularly, it has been shown that the Bjorken 
the Isgur-Wise functions are satisfied. 



70(1 . We have 



721 and Uraltsev 
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